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Figure 13. Bond distances that were used for mapping relative free energies in the
vicinity of the TS plateau of the reaction 2 with no explicit water
molecules. For C1, C2, C3, A2 – 8, A1 points the Onuc-Pα distance was
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symbols represent points that were used to generate associative,
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point of the highest free energy along each pathway is highlighted using
an enlarged point symbol.
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Figure 14. Pairs of PαO bond distances that were used for mapping relative free
energies in the vicinity of the TS plateau. The labels 2, 3, 4, 5 and 6
denote equations 2, 3, 4, 5 and 6, respectively. Using labels a, b, and c,
these reactions were, respectively, studied using model systems containing
zero, one, and two explicit water molecules that were not in the Mg2+
coordination sphere. Thus, for example, PαO distances at which we
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evaluated free energy for the mechanism of eq 3 using a model containing
one explicit water molecule are shown in the graph labeled 3b. Black,
blue, and orange points define, respectively, associative, synchronous and
dissociative slices of the free energy surface. Purple points lie on a straight
line intersecting barriers of synchronous and associative pathways. Green
symbols denote points that were assumed to be common for several
pathways. For points shown by unfilled and filled shapes, one of the
Onuc-Pα and Pα-Olg distances, and both of these distances were fixed,
respectively. The highest free energy point along each pathway is
highlighted using an enlarged point symbol. The highest free-energy
point along the pathways in the rightmost figures (c) were used to extend
TS free energy calculations to the corresponding pathways and model
systems with 3, 4 or 5 explicit water molecules.
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Figure 15. Bond distances that were used for mapping of relative free energies in the
vicinity of the TS plateau for reaction 3. The labels A, S, D, P, and C
denote, respectively, associative, synchronous, dissociative reaction
pathways, a slice orthogonal to the reaction coordinate, and points
belonging to two or more pathways. The A7, S7, D9, and D6 points were
used in our analysis of the β,γ substituent effects.
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surfaces for the reaction 3 using mechanisms 1 (steps 1, 2, 3A, 4, 5) and 2
(steps 1, 1B, 2, 3B, 4). The pKa corrections at pH 7 (steps 3A and 3B) are
based on the experimental pKa for the first protonation of γ-phosphate in
deoxyadenosine triphosphate (6.6), for the second protonation of methyl
triphosphate (1.6), and for dexyribose (12.67).
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Figure 17. Methodological flow chart for calculations of free energy surfaces for the
reaction 6 using eq 18 (steps 1, 2, 3A, 4, 5 for α0γ0), eq 19 (steps 1, 1B, 2,
3B, 4, 5 for α0γ1), eq 20 (steps 1, 1C, 2, 3C, 4, 5 for α0γ2), eq 22 (steps 1,
1D, 2, 3D, 4, 5 for α1γ0) and eq 23 (steps 1, 1E, 2, 3E, 4, 5 for α1γ1). The
pKa corrections at pH 7 (steps 3A, 3B, 3C, 3D and 3E) are based on the
experimental pKa for the first and second protonation of γe-phosphate in
triphosphate (6.6 and 1.5), for the first protonation of α-phosphate in
methyl triphosphate (1.29), and for dexyribose (12.67).
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Figure 18. Bottom: Relative free energy (ΔG, bottom) along the associative (left),
synchronous (middle), and dissociative (right) pathway for reaction 2 in
aqueous solution at pH 7. Top: The corresponding solvation (ΔGsolv, color,
right y-axis scale) and gas-phase (black) energy components. Individual
points along each reaction pathway can be associated with particular
rPαOlg and rPαOnuc distances using labels defined in Figure 15. For
easier orientation, some of these labels are also shown in the center portion
ix

of this figure.
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Figure 19. Bottom: Slice of the free energy surface for reaction 2 along the direction
that is perpendicular to the reaction pathway (Figure 15). Top: The
corresponding solvation (ΔGsolv, color, right y-axis scale) and gas-phase
energy (black) components. Individual points can be associated with
particular rPαOlg and rPαOnuc distances using labels defined in Figure 15.
For easier orientation, some of these labels are also shown in the center
portion of this figure.
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Figure 20. Bottom: Relative free energy (ΔG, bottom) along the associative (left
graph), synchronous (middle), and dissociative (right graph) pathway for
reaction 1 in aqueous solution at pH 7. Top: The corresponding solvation
(ΔGsolv, color, right y-axis scale) and gas-phase (black) energy
components. Individual points along each reaction pathway can be
associated with specific rPαOlg and rPαOnuc distances using labels defined
in Figure 15. For easier orientation, some of these labels are also shown
in the center portion of this figure.
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Figure 21. Calculated Pα–Olg bond length for methyl triphosphate complexes,
averaged over two diastereomers (Figure 11), are plotted as a function of
the corresponding experimental pKa of PPi and the substituted
isphosphonates. 17 The correlation coefficients are R = 0.93 and 0.87 for
the doubly protonated (black circle, slope -0.00423) and unprotonated
triphosphates (blue square, slope -0.00338), respectively. The green
triangle is for the parent O compound in the dianion system (reaction 2)
that was not included in the linear fit line for unprotonated triphosphates.
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Figure 22. The relationship between the experimental pKa of the leaving group (PPi or
its bisphosphonate analogues) and the selected NBO atomic charges of the
[Mg·3H2O·methyl triphosphate]2– complex and its analogues. The purple
diamonds (slope = −0.0028, R = 0.78), red circles (slope = −0.007, R =
0.89), and green triangles (slope =0.049, R = 0.90) represent the Olg
charge, average of the charges of the two non-bridging O atoms on βphosphate, and the sum of charges on the X group (Figure 11), Pβ and Pγ,
respectively. Values of the Xtot + Pβ + Pγ charge are depicted along the
y-axis on the right.
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Figure 23. The relationship between pKa of the leaving group (PPi or β,γ-substituted
bisphosphonate) and the NBO atomic charge of Olg atom, average charge
of O4,5, or charge of Pβ + Xtot + Pγ of methyl triphosphate complexes
doubly protonated on the gamma phosphate (Figure 11). The purple
diamonds (R=0.95, slope=-0.003), red circles (R=0.97, slope=-0.0073),
and green triangles (R=0.95, slope=0.047) represent the Olg charge,
x

average of the charges of the two non-bridging O atoms on β-phosphate
(O4,5), and the charge on Pβ, the bridging C (or O for parent O) with
substituents and Pγ, for doubly protonated compounds, respectively. The
value of the charge on Pβ, the bridging C (or O for parent O) with
substituents and Pγ correspond to the y-axis on the right.
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Figure 24. The relationship between pKa of the leaving group (PPi or β,γ-substituted
bisphosphonate) and the Mulliken atomic charge of Olg atom (purple and
orange points), or average charge of O45 and atoms (blue and red points)
of methyl triphosphate complexes. The purple diamonds (R=0.78, slope=
-0.0028) and orange triangles (R=0.93, slope= -0.0029) represent Olg
charges for unprotonated and doubly protonated compounds, respectively.
Red circles (R=0.89, slope= -0.007) and blue squares (R=0.96, slope= 0.0072) represent the average of the charges of the two non-bridging O
atoms on γ-phosphate (O45), for unprotonated and doubly protonated
compounds, respectively.
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Figure 25. Atomic charge in the reactant state on Pα, O12, -OCH3 (CH3PO3) vs pKa4
for unprotonated methyl triphosphate analogs and pKa2 for doubly
protonated methyl triphosphate analogs (R=0.93, slope=-0.0038).
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Figure 26. The relationship between calculated activation free energy and calculated
reaction free energy for reaction 2 (eq 16). The reaction free energy values
for the stereoisomeric compounds (i.e., data on the x-axis) were averaged
over the two diastereomers while activation free energies were allowed to
show stereoisomeric effects. S-form diastereomers, R-form diastereomers,
and the average of S- and R-form diastereomers with other compounds are
shown as red triangles, blue squares, and black circles (β′ = 0.79, R =
0.89), respectively.
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Figure 27. The relationship between activation free energy and reaction free energy
for the reactions 1 (squares) and 2 (circles). For the reaction 1, the
activation free energies were evaluated for TS along the dissociative
pathway (point D6 in Figure 15). For the reaction 2, the activation free
energies were evaluated as the average of the ΔG‡ for the synchronous
and dissociative pathways (points S7 and D9 in Figure 15). The slope and
correlation coefficient for the linear fit of all points (full line) are 0.59 and
R = 0.97, respectively. Slopes of the lines fitted separately using the
reaction 1 and reaction 2 points are 0.45 and 0.79, respectively.
68
Figure 28. Linear relationship (βlg = −0.89, R = 0.94) between experimental pKa’s of
the leaving groups (PPi or its bisphosphonate analogues) 17 and the
logarithm of the rate constants calculated for the mechanism 2 (eq 16) at
xi

pH 7 and 298 K. Green squares denote data for dihalogenated compounds. 69
Figure 29. Linear relationships between experimental pKa’s of the leaving groups (PPi
or its bisphosphonate analogues) 17 and the logarithm of the reaction rate
constant for (A) the insertion of dGTP and its β,γ bisphosphonate
analogues opposite dT by pol β 15 at 37 °C and (B) hydrolysis of methyl
triphosphate and its β,γ bisphosphonate analogues in aqueous solution at
37 °C. Green squares denote data for dihalogenated compounds.
72
Figure 30. Relative free energy (black, left scale) along the associative (left graph)
and synchronous (right graph) pathways for the α0γ0 mechanism (eq 19)
in aqueous solution at pH = 7. Each graph shows also the relative
gas-phase energy (green, left scale) and LD solvation free energy (blue,
right scale) components. The gas-phase energetics includes a constant
representing the equilibrium deprotonation free energy and configurational
entropy (eq. 23 and 24). Energetics calculated using models containing
three, four and five explicit water molecules are shown with circles,
squares and triangles, respectively. The reaction coordinate points that
were used to evaluate the reaction energetics can be associated with
individual Pα–Onuc and Pα–Olg distances using Figure 14. Note that the first
three explicit water molecules are located in the Mg2+ coordination sphere
and that geometries of all points, including those that were used to
calculate gas-phase energies, were optimized using the PCM model with
a dielectric constant of 80.
80
Figure 31. Geometry of the transition state for the α0γ0 mechanism using model with
two explicit water molecules solvating methyl triphosphate and THFOmoieties (shown in tube representation) in addition to three water
molecules in the first coordination shell of the Mg2+ ion (shown in
wireframe and ball representation, respectively). Dashed blue lines
indicate hydrogen bonds. Black dashed lines indicate the PO bonds that
are being formed/broken, with the corresponding bond length in Å being
printed next to these lines. The bulk aqueous solution, which was modeled
using continuum or dipolar models, is indicated by the blue cavity.
Hydrogen atoms bonded to carbon are not shown.
81
Figure 32. Relative free energy (black, left scale) along the associative (left graph)
and synchronous (right graph) pathways for the α0γ1 mechanism (eq 20)
in aqueous solution at pH = 7. Both the reactant and TS structures were
protonated at the O6 atom (Figure 14), and the O8 – Pγ – O6 – H torsion
was near 0° along the entire reaction pathway. Each graph shows also the
relative gas-phase energy (green, left scale) and solvation free energy
(blue, right scale) components. Energetics calculated using models
xii

containing three, four and five explicit water molecules are shown with
circles, squares and triangles, respectively. The reaction coordinate points
that were used to evaluate the reaction energetics can be associated with
individual Pα–Onuc and Pα–Olg distances using Figure 14. Note that the
first three explicit water molecules are located in the Mg2+ coordination
sphere and that geometries of all points, including those that were used to
calculate gas-phase energies, were optimized using the PCM model with a
dielectric constant of 80.
83
Figure 33. Variation of the activation free energy as a function of the number of
explicit water molecules included in the model of the reacting system (n).
Black circles, orange squares, brown diamond, blue triangles and purple
crosses denote, respectively, activation free energies for the α0γ0, α0γ1,
α0γ2, α1γ0 and α1γ1 mechanisms (eq 18 – 22). Each point represents the
lowest free energy from several separate calculations that differed in the
orientations of the OH bonds on the γ-phosphate.
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Figure 34. Geometry of the TS for the α0γ1 mechanism using model with two explicit
water molecules (shown in tube representation) in addition to three water
molecules in the first coordination shell of the Mg2+ ion (shown in
wireframe and ball representation, respectively). Dashed blue lines
indicate hydrogen bonds. The scissile PO bond lengths are given in
Ångstrom. The bulk aqueous solution, which was modeled using
continuum or dipolar models, is indicated by the blue cavity. Non-polar H
atoms bonded are not shown.
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Figure 35. Geometries of α0γ0, α0γ1, α0γ2, α1γ0 and α1γ1 mechanism reaction
including 5 explicit water molecules (three water molecules in the first
solvation shell of Mg2+ ion that were present in all our calculations are
not shown in this figure). Numbers 1, 2, 3, 4, 5 represents the order how
the explicit water molecule was placed into reactants or TS points upon
going from models with zero explicit water molecules to five.
Figure 36. Relative free energy (black, left scale) along the associative (left graph),
synchronous (middle graph) and dissociative (right graph) pathways for
the α0γ2 mechanism (eq 21) in aqueous solution at pH = 7. Both the
reactant and TS structures were protonated at the O6 and O7 atom (Figure
13), and both the O8 – Pγ – Ο6 – H and O8 – Pγ – Ο7 – H torsion angles
were near 0° along the entire reaction pathway. Each graph shows also
the relative gas-phase energy (green, left scale) and solvation free energy
(blue, right scale) components. Energetics calculated using models
containing three, four and five explicit water molecules are shown with
circles, squares and triangles, respectively. The reaction coordinate point
xiii
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that were used to evaluate the reaction energetics can be associated with
individual Pα–Onuc and Pα–Olg distances using Figure 15. Note that the
first three explicit water molecules are located in the Mg2+ coordination
sphere and that geometries of all points, including those that were used to
calculate gas-phase energies, were optimized using the PCM model with
a dielectric constant of 80.
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Figure 37. Geometry of the TS for the α0γ2 mechanism using model with two explicit
Water molecules (shown in tube representation) in addition to three water
molecules in the first coordination shell of the Mg2+ ion (shown in
wireframe and ball representation, respectively). Dashed blue lines
indicate hydrogen bonds. The scissile PO bond lengths are given in
Ångstrom. The bulk aqueous solution, which was modeled using
continuum or dipolar models, is indicated by the blue cavity. Non-polar H
atoms bonded are not shown.
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Figure 38. TS structure for the α1γ0 mechanism calculated using three (left) and five
(right) explicit water molecules in the reacting system. Metal coordination
and hydrogen bonds are indicated by full green lines and dashed blue lines,
respectively. The scissile PO bond lengths are given in Ångstrom. The
bulk aqueous solution, which was modeled using continuum or dipolar
models, is indicated on the right by the blue cavity. Hydrogen atoms
bonded to carbon are not shown.
90
Figure 39. Geometry of the TS for the α1γ1 mechanism using model with two explicit
water molecules (shown in tube representation) in addition to three water
molecules in the first coordination shell of the Mg2+ ion (shown in
wireframeand ball representation, respectively). Dashed blue lines indicate
hydrogen bonds. The scissile PO bond lengths are given in Ångstrom. The
bulk aqueous solution, which was modeled using continuum or dipolar
models, is indicated by the blue cavity. Non-polar H atoms bonded are
not shown.
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Figure 40. Relative free energy (black, left scale) along the associative (left graph)
and synchronous (middle graph) pathways for the α1γ0 mechanism (eq 22)
in aqueous solution at pH = 7. Each graph shows also the relative
gas-phase energy (green, left scale) and solvation free energy (blue, right
scale) components. Energetics calculated using models containing three,
four and five explicit water molecules are shownwith circles, squares and
triangles, respectively. The reaction coordinate points that were used to
evaluate the reaction energetics can be associated with individual P–Onuc
and P–Olg distances using Figure 15. Note that the first three explicit water
molecules are located in the Mg2+ coordination sphere and that geometries
of all points, including those that were used to calculate gas-phase
xiv

energies, were optimized using the PCM model with a dielectric constant
of 80.
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Figure 41. Relative free energy (black, left scale) along the associative (left graph)
and synchronous (middle graph) pathways for the α1γ1 mechanism (eq 5)
in aqueous solution at pH = 7. Each graph shows also the relative
gas-phase energy (green, left scale) and solvation free energy (blue, right
scale) components. Energetics calculated using models containing three,
four and five explicit water molecules are shown with circles, squares
and triangles, respectively. The reaction coordinate points that were used
to evaluate the reaction energetics can be associated with individual
Pα–Onuc and Pα–Olg distances using Figure 2. Note that the first three
explicit water molecules are located in the Mg2+ coordination sphere and
that geometries of all points, including those that were used to calculate
gas-phase energies, were optimized using the PCM model with a dielectric
constant of 80.
95
Figure 42. Comparison of the axial rigidity around α-phosphate (Figure 2) for the
reacting system in the α0γ0 (red), α0γ1 (yellow), α0γ2 (green), α1γ0 (light
blue), and α1γ1 (dark blue) protonation states in aqueous solution. Free
energy variations are plotted along a pathway that was set to be nearly
perpendicular to the reaction coordinate at the rate-limiting TS for the
α0γ0 mechanism in aqueous solution; this pathway was defined by the
relationship rPαOnuc = rPαOlg + 0.2 Å (purple line in Figure 15), and was
projected onto an one-dimensional axial coordinate that was represented
by a sum of the Pα–Onuc and Pα–Olg distances. Relative free energies,
which were calculated using a hybrid solvation model composed of five
explicit water molecules and the Langevin dipoles placed on a cubic
grid 7, are shown as squares. A cubic polynomial was used to fit the
calculated profile for each mechanism, and the bottom point of each of
these polynomials was set to 0 kcal/mol.
96
Figure 43. Calculated rate profiles for the full rate of the nucleotidyl transfer reaction
(black), and α0γ0 (red), α0γ1 (orange), α0γ2 (brown), α1γ0 (blue), and α1γ1
(purple) mechanisms at 25 ºC.
98
Figure 44. Brønsted LFER for the α0γ0 mechanism of the nucleotidyl transfer
reaction in aqueous solution at pH 7 and 298K. The data on the x-axis
correspond to pKa4 observed for PPi and its β,γ-bisphosphonate analogs,
PXβγP 17. The y-axis shows the logarithm of the rate constant determined
using the TS theory from activation free energies calculated using the
LD/B3LYP/TZVP//PCM/B3LYP/HF/6-31G* (left) and
LD/B3LYP/TZVP+//PCM/B3LYP/HF/6-31G* (right) quantum
mechanical calculations for the model system containing five explicit
xv

water molecules. The data for dihalogen-containing compounts (Xβγ =
CF2, CFCl, Cl2, CBr2, Figure 2)
are shown in blue, and for the remaining compounds in red. The linear
regression lines for the corresponding partial data sets (blue or red), or
for all data (black), are characterized by their slope (β) and Pearson’s
correlation coefficient (R).
Figure 45. Brønsted plots correlating log (kpol) and the leaving-group pKa4 P – CXY
– P for an expanded set of β,γ – CXY – dGTP analogues comparing
mispairing (W) G•T.
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Figure 46. LD/B3LYP/TZVP+//PCM/B3LYP/HF/6-31G* Brønsted LFER for the
α0γ1 mechanism of the nucleotidyl transfer reaction in aqueous solution at
pH 7 and 298K (left graph). The data on the x-axis correspond to pKa4
observed for PPi and its β,γ-bisphosphonate analogs, PXβγP 17. The
calculated rate constant were determined using the TS theory from
activation free energies calculated for the model with five explicit water
molecules using eq 23 and 24, in which pKa of the γ-phosphate group of a
haloalkane-substituted dNTP (dNPPXβγP), was assumed to be proportional
to pKa3 of PXβγP using the relationship pKa (dNPPXβγP) = pKa3 (PXβγP) +
pKa (dNTP) – pKa3 (PPi), where pKa(dNTP) = 6.6 24, pKa3 (PPi) = yy
and pKa3 (PXβγP) values were obtained from the linear regression of the
plot of the experimental pKβγ (PXβγP) 68 versus experimental pKa4
(PXβγP) 17, pKa3 (PXβγP)= pKa4 (PXβγP) + xx (right graph).
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Figure 47. Brønsted LFER of the experimental log (kpol) to the pKa4 values
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Figure 48. Brønsted LFER for the α1γ0 mechanism of the nucleotidyl transfer
reaction in aqueous solution at pH 7 and 298K. The data on the x-axis
correspond to pKa4 observed for PPi and its β,γ-bisphosphonate analogs,
PXβγP 17. The y-axis shows the logarithm of the rate constant determined
using the TS theory from activation free energies calculated using the
LD/B3LYP/TZVP//PCM/B3LYP/HF/6-31G* quantum mechanical
calculations for the model system containing five explicit
water molecules. The linear regression line is characterized by the
corresponding slope (β) and Pearson’s correlation coefficient (R).
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ABSTRACT
As the essential enzymes in human bodies, DNA polymerases play a significant
role in DNA replication, repair, genetic recombination, and reverse transcription. In 1956,
the enzyme of DNA polymerase I, also named as Pol I, was discovered by Arthur
Kornberg and colleagues. Subsequently, the Noble Committee had decided that the Noble
Prize in Physiology or Medicine for 1959 was to be awarded to Kornberg for his
excellent original work that describes the DNA replication process whereby the DNA
polymerase copies the nucleotide sequence of a DNA template strand. Because of the
complex enzyme structure in the DNA polymerase, it is a challenge to study the
mechanism of the catalytic function and substrate selectivity of DNA. Recently, a new
class of chemically modified deoxyribonucleoside triphosphate (dNTP) substrates has
been developed to study the chemical mechanism of the replication fidelity and inhibition
of human DNA polymerases. Here, we studied the models for nucleotidyl transfer
reaction in aqueous solution to better understand this mechanism in DNA polymerase β.
An unusual experimental result from Goodman’s group demonstrated two splitting lines
for the linear free energy relationship (LFER) for the mispaired (W) and correctly base
paired (R) analogues between the rate constant in the corresponding polymerase (kpol) and
the highest pKa4 value of the bisphosphonic acid corresponding to the leaving group. In
the following year, Kamerlin theoretically reported similar results for this mechanism in
aqueous solution. When we designed our model system, we made it more biochemically
xviii

relevant. The calculated log k and log K values were found to depend linearly on the
experimental pKa4 of the conjugate acid of the corresponding pyrophosphate or
bisphosphonate leaving group. The scissile Pα–Olg bond length in studied methyl
triphosphate analogues slightly increases with decreasing pKa4 of the leaving group;
concomitantly, the CH3OPα(O2) moiety becomes more positive. These structural effects
indicate that substituents with low pKa can facilitate both Pα–Olg bond breaking and the
Pα–Onuc bond forming process, thus explaining the large negative βlg calculated for the
transition state geometry that has significantly longer Pα–Onuc distance than the Pα–
Olg distance. The extension of our model as well as broadening the range of studied
mechanisms indicated the possibility of a break in the LFER curve for the mechanism
that involves pre-equilibrium protonation of the γ-phosphate of dNTP substrate. It also
confirmed that the mechanism that involves pre-equilibrium deprotonation of the
nucleophile followed by the nucleophilic group attack that is the most possible α0γ0
mechanism in aqueous solution. Because this mechanism show similar slope of the LFER
line like that observed in DNA polymerase β, this mechanism is also the most likely
mechanism to occur in this polymerase.
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CHAPTER ONE
INTRODUCTION
Relationship between Experimental Measurements and Calculated Free Energies
In chemical kinetics, the units of reaction rate constants (or reaction rate
coefficients), k, is mol1-N⋅LN-1⋅s-1 while thermodynamic equilibrium constants, Keq, are
unitless in a chemical reaction with N order. For a chemical reaction between reactants A
and B to form products C and D, the reversible chemical reaction is defined as (eq 1):
aA + bB

cC + dD

(1)

and the chemical reaction rate is always written as the form (eq 2):
r = kT[A]m[B]n

(2)

Here, r is reaction rate, and kT (sometimes is written as k) is the chemical reaction rate
constant (or chemical reaction rate coefficient), which depends on the reaction
temperature (T). For the reactants substances A and B, [A] and [B] are the molar
concentrations with the units moles per unit volume of solution. In most cases, the
exponents are integers. For a chemical reaction, the exponents ‘m’ or ‘n’ is called partial
order, which is sometimes not equal to the stoichiometric coefficient ‘a’ or ‘b’ in
equation 1. For the same chemical reaction (eq 1) at equilibrium, the thermodynamic
equilibrium constant is always written as (eq 3):

1

2
Keq = [C]c[D]d/([A]a[B]b)

(3)

Here, Keq denotes the thermodynamic equilibrium constant. The square [ ] bracket means
the concentration of the chemical species at equilibrium with the unit moles per unit
volume of the corresponding solution. i.e., [A] is the molar concentration of substance A.
Unlike the rate constant formula, the exponents that are always identical as the
stoichiometric coefficients for a balanced chemical reaction.
In theoretical studies, the easiest way to get information about kinetics and
thermodynamics of chemical reactions is to calculate the energy differences. From the
Arrhenius equation, in any chemical reaction, we can quantitatively convert the activation
energy (Ea or ΔG‡) to the reaction rate constant (eq 4),
k = Ae-Ea/RT

(4)

where A is called the pre-exponential factor or frequency factor, Ea (or ΔG‡) is the
activation energy, R denotes the ideal gas constant in a chemical reaction, and T is the
absolute temperature (in kelvins K). Generally speaking, in a chemical reaction, the unit
of the chemical reaction rate constant k depends on the global order. Thus, if the molar
concentration of any chemical species is mol·L−1 (abbreviated as M in some literatures),
for the (m + n) order chemical reaction, the unit of the rate coefficient is mol1-(m+n) ·L(m+n)1

·S-1 or M1-(m+n) ·S-1. In a chemical reaction, at the equilibrium point, the standard Gibbs

free energy change of the reaction is related to the equilibrium constant (eq 5).
ΔG = -RTlnKeq
At room temperature (in 25 °C), eq 4 is described by eq 6 in unit of kcal/mol,

(5)
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ΔG‡ (kcal/mol) = -1.37 log (k) + 12.8

(6)

Here ΔG‡ is the activation energy. For the same reaction, the eq 5 is defined by eq 7 in
units of kcal/mol.
ΔG (kcal/mol) = -1.37 log (Keq)

(7)

Here since all chemical reactions are simulated at room temperature, eq 6 and 7 are used
to transform calculated energies to corresponding experimental results for all chemical
reactions.
Kinetic and Equilibrium Substituent Effects in a Chemical Reaction
In studies of chemical reaction mechanisms, linear free energy relationship
(LFER) provides a valuable tool to determine the changes in the transition state (TS)
structure with corresponding partial bond formation or scission. Employing a Brønsted
LFER (eq 8) 1 is usually expressed as a linear relationship by analyzing the chemical
reaction rate constants of the chemical bond cleavage reaction. For a Brønsted LFER
equation, the logarithm of the rate constant of the studied chemical reaction (log k)
always shows the linear relationship with the changes in corresponding pKa values of the
leaving group.
log k = β * log (Ka) + C

(8)

In a chemical reaction, k denotes the chemical reaction rate constant, β denotes the slope
of the straight line in the Brønsted LFER, Ka denotes the Ka value of the corresponding
leaving group of acids, and C denotes the intercept. If the relationship is not linear, the
chosen groups of reactants do not operate through the same reaction mechanism. The
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slope β is also called proportionality constant. The weak relationship with low negative β
value indicates TSs closely resembling the reactants with little scission bond broken.
Whereas the strong connection with the high value of slope β in a chemical reaction
shows on the leaving group a significant amount of the negative charge, indicating the TS
with the negative charge localized on the leaving group. Hence, TSs resembles the
ionized products. Thus, in the transition state, prediction or observation of a weak
relationship in a chemical reaction can be taken as the sign that little negative charge is
accumulated on the leaving group. On the other side, after we understand the mechanism
in an enzymatic reaction and get the information from the LFER in a range for the
corresponding compounds, we can employ it as a powerful tool for exploring the catalytic
reaction and may pave a new way to design corresponding drug for the active site in an
enzyme.
DNA Polymerase and Nucleotidyl Transfer Reaction
DNA polymerases are complex bi-substrate enzymes that facilitate DNA
replication and among the most attractive drug targets 2. Several studies have been
conducted to discover that the DNA polymerase β gene or protein is altered in the human
cancer cell. For example, azidothymidine (AZT) drug targets DNA polymerase of the
human immunodeficiency virus (HIV) showed it’s first tentative sign of therapeutic
promise in 1986 in Nature. The advances in the understanding of DNA polymerase
structures and their modes of action improve chances to design new drugs for cancer
therapy or other diseases.
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From the chemical point of view, these enzymes catalyze the transfer of the
nucleotide moiety of deoxyribonucleoside triphosphates (dNTPs) to the 3’-end of the
DNA primer (Figure 1). This reaction is known to involve deprotonation of the 3’terminal oxygen atom of the primer strand which is followed by the attack of this
nucleophile on the Pα atom of dNTP, and the breaking of Pα – O bond in Pα – O – P

β

bridge to generate inorganic pyrophosphate (PPi).
Figure 1. The nucleotidyl transfer reaction when a polymerase integrates a nucleotide.

Associative, Synchronous and Dissociative Mechanisms
As the term to describe a chemical reaction, using the IUPAC recommendations
of the description of the chemical reaction mechanisms indicates the covalent-bondbreaking or -making steps and the electrons apportionment during a chemical reaction.
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This is followed by an introduction to the formal IUPAC recommendations of the
representation of a chemical mechanism.
Before IUPAC Commission on Physical Organic Chemistry proposed the
recommendations of the naming of reaction mechanisms, the Ingold system 3 was used to
describe the observed properties of organic chemical reactions. It placed organic reaction
to two main headings: nucleophilic substitution (SN) and elimination (E). According to
the molecularity of the rate determining step of a chemical reaction, this system is
subdivided SN1, SN2 and E1, E2 reaction. The number represents the kinetic order for the
reaction. A unimolecular chemical reaction proceeds with a stepwise reaction mechanism
denoted with a 1, which means a reaction involving the dissociation of a leaving group to
form a stable reactive intermediate. Thus, the rate equation for this chemical reaction is
often presented as having zero order dependence on the nucleophile or first order
dependence on the electrophile group. Otherwise, a bimolecular chemical process
denoted with 2 is a concerted, one step reaction mechanism. That is, for this chemical
reaction, both reactants are involved in the rate-determining step. In this chemical
reaction, both bonds are formed and broken synchronously. Therefore, the reaction rate in
a chemical reaction is dependent on both the reactants concentration.
The Ingold nomenclatures system has been widely used to describe the chemical
reaction mechanisms, but the issue in this scheme is not necessarily specified the reaction
mechanisms. Ingold system describes a chemical mechanism in detail exactly what takes
place at each stage of an overall chemical reaction: SN1 reaction involves a stable
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carbocation intermediate with a dissociative reaction mechanism, and SN2 reaction
mechanisms include binding a ligand or nucleophile to form a stable carbocation
intermediate with an associative reaction mechanism. However, the weakness in the
Ingold system is the ambiguities in the definition of some particular reaction
mechanisms. For example, for certain chemical reaction, both concerted and stepwise
mechanisms can be described as the SN2 mechanism. Therefore, even though Ingold
himself only confined to this term with a one-step mechanism, a stepwise so-called “SN2
intermediate” mechanism has still been proposed.
Due to the issue of the weak relationship between the actual mechanism and the
Ingold nomenclature, Ingold nomenclature eventually gave way to the IUPAC
recommendation. As Guthrie proposed a symbolic representation of reaction
mechanisms, IUPAC recommendation was proposed by Guthrie that describes chemical
reactions based on the sequence of steps and the number of steps in a nature chemical
reaction. 4 5 It describes a mechanism concerning bond breaking (D, “detachment” or
“dissociative”) or making (A, “attachment” or “associative”) with the subscripts or other
symbols to indicate how the electron moves in a chemical reaction. It systematically
clarifies the process by which a fundamental change occurs to a chemical reaction. For a
chemical reaction to concerted and stepwise multiband processes, the sets of “A” and “D”
symbols or only the “A” and “D” symbols representing the bonding breaking or making
occurring during a chemical group and electron transformation are usually punctuated by
a “+” sign when the change occurs in separate reaction steps. When the term of the “A”
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or “D” denotes the primitive change concerning to a core atom, the subscript (E, N or R)
will affirm. For the subscript “N”, the core atom participates in corresponding bond
formation of a nucleophile described as AN or nucleofuge processes named as DN. The
subscript is “E” if the core particle is undergoing electrophilic processes (AE) or
electrofugic processes (DE). The subscript “R” is denoted the primitive hemolytic
changes (AR and DR).
Early theoretical studies addressing associative (AN+DN) versus dissociative
(DN+AN) reaction mechanisms for the hydrolysis reaction from the methyl phosphate
ester was presented by Florián et al. 6. From the chemical viewpoint, studying the
nucleotidyl transfer reaction can draw lessons from the experience of studying hydrolysis
phosphate diester reaction. By the lights of Florián’s and other researchers’ experience,
we used a thermodynamic cycle that included both solvation and gas-phase energies to
estimate the activation free energies of the TSs that corresponded to reaction pathways of
associative, synchronous and dissociative mechanisms. The Langevin Dipoles (LD)
method was used to calculated Solvation free energies in aqueous solution 7. In the LD
model, the solvent is represented by dipoles and solvation free energy approximated by
the interaction of the dipoles with the point charges of the atoms.
The challenge of experimental studies on hydrolysis of phosphate diester is that
reaction rate in aqueous solution is extremely slow. For instance, for the uncatalyzed
dimethyl phosphate hydrolysis reaction, the chemical reaction rate at 25 °C has an
estimated rate constant of almost around 2 × 10-13s-1 8. Moreover, as a competitive
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reaction, the phosphate hydrolysis, in fact contains not only the bond cleavage process for
P – O chemical bond but also the cleavage of C – O bond. In particular is, this reaction
has been noted that is qualified for up to 99% of the reactivity. Thus, at 25 °C in aqueous
solution, the upper limit for this reaction is approximately 1 × 10-15 s-1 for the rate
constant for P – O bond cleavage 8. It is necessary to point out that that from the kinetic
studies on hydrolysis of dineopentyl phosphate, 9 the virtually experimental parameters
for the independent pH (H2O attack on Np2P–) and base-catalyzed (OH– attack on Np2P–)
hydrolyses of this compound has been reported. It is high probability that the reaction
with independent pH does not involve the attacking from the water molecule on the
Np2P– monoanionic, but rather proceeds through the hydroxide attacking mechanism on
the neutral phosphate diester (Figure 2) at the kinetically equivalent point.
Figure 2. Alternative kinetically equivalent mechanisms for the pH-independent
hydrolysis of the Np2P anion. 9

Interestingly, Kamerlin et al. theoretically demonstrated the hydrolysis reaction
for phosphate diester is dependent on pH. 10 It was reported that, at high pH, this
hydrolysis reaction proceeds through a synchronous (ANDN) pathway, which involves
hydroxide attack on Np2P–. On the other hand, with the catalyzed of the acid, the reaction

10
at low pH can proceed through either a synchronous (ANDN) pathway or a stepwise
associative (AN+DN) pathway. Finally, the pH independent reaction proceeds via a
stepwise associative (AN+DN) mechanism followed with the attacking nucleophile group
onto the phosphate before hydroxide attack on neutral phosphate monoester.
More O’Ferrall Jencks (MFJ) Plots
More O’Ferrall Jencks (MFJ) plots (sometimes known as MFJ diagram) allows to
describe the chemical reaction mechanisms based on two-dimensional representations of
multiple reactions coordinate potential energy surface for chemical reactions that involve
simultaneous changes in two chemical bonds. As such, for nucleotidyl transfer reaction,
the total free energy for this reaction is plotted as a function of the distances. For this
nucleotidyl transfer reaction, the distances are the bond between the nucleophile Onuc
atom and the central Pα atom (Pα −Onuc) and the scissile bond between the leaving group
Olg atom and the central Pα atom (Pα −Olg) to create MFJ plots (Figure 3). A single step is
represented by synchronous pathway, which is a straight line connected reactants and
products. The stepwise pathways associative (AN+DN) and dissociative (DN+AN) are the
curves related to corresponding reactants and products. The associative pathway is also
named as “tight” pathway, which is described as two short bond lengths. On the other
hand, dissociative pathway sometimes is known as “loose” pathway processing two-longbond reaction mechanism.
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Figure 3. MFJ plots of reaction pathways on free energy surfaces labeled by the
corresponding mechanism.

The Mixed Explicit / Implicit Solvation Model
In the computational chemistry, solvent models allow simulation of chemical
reactions and processes, which can lead to predict and improve understanding of the
physical process occurring in aqueous solution or enzymes. Implicit models (sometimes
known as continuum models) are often used and computationally efficient, which can
provide a reasonable description of the corresponding solvent behavior in a chemical
reaction. It is a method that assumes the individual “explicit” solvent molecules can be
replaced by a homogeneously polarizable continuous medium. All implicit solvation
models are based on a simple idea that the non-polar atoms of a solute tend to cluster
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together, whereas the polar and charged groups of the solute tend to remain in solvation.
Thus, it is the limitation of the implicit solvation model that cannot balance the opposite
energy contribution from different types of atoms in a reaction in solution.
On the other hand, explicit solvation models are less used in a computational
study due to less computational economical, but can provide a physical spatially resolve
description of the solvent in a chemical reaction. Thus, explicit solvation models occur in
the application of molecular mechanics, molecular dynamics, and Monte Carlo
simulations, they almost only use solvent clusters in quantum chemical calculations.
In the chemical reaction system, the mixed explicit / implicit solvation model 11 12
13

employs one or more water explicit molecules involved inside the ab initio description.

Besides, the rest solvent molecules are modeled implicitly as a continuum solvent model
to approach a real chemical reaction in the solvation phase. However, in fact, a serious
problem for the mixed models is that the combination of the continuum model and
several water molecules explicitly by the energy minimization treatment for the reaction
system. For the mixed solvation model, it would be necessary to evaluate the entropic
effect correlated with the explicit solvent models. In the mixed solvation model, with the
increasing of explicit water molecules, the lack of practical computational issues would
not be ignored in a computational study. That is unless one is specifically interested in a
chemical reaction, connected with the combination of the continuum model with a few of
water molecules explicitly is ill-advised and computational uneconomical. At the least, it
logically extremely better to use any of the calibrated widely used simple computational
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chemical model (e.g. QM/MM models) accompanying with the proper free energy
treatment in the study.
Recent Experimental and Theoretical Work with the Nucleotidyl Transfer Reaction
Mechanism in Polymerase β
For the corresponding reference reaction in aqueous solution, the knowledge of
the free energy surface is critical to assess the DNA polymerase catalysis quantitatively,
and identify mechanistic alterations that could facilitate the insertion of wrong or
nonstandard dNTP substrates into the growing DNA chain.
The nature of the transition state for the enzymatic nucleotidyl transfer reaction
has been studied in human DNA polymerase β (pol β) utilizing a variant of synthetically
modified dNTP substrates that differed in the chemical structure of the group that bridges
β and γ P atoms in the dNTP triphosphate part. 14 15 16 17 These experiments initially
showed that the reaction rate constant of the enzymatic reaction is immediately
proportionate to the equilibrium constant for the protonation of PPi its bisphosphonate
analogs and that the slope (β) of this LFER differs between the right and wrong dNTP
substrates. 14 Later, a structurally broader range of substituents showed a distinctly
separate LFER for the insertion of a wrong dNTP with mono- and di-halogenated β,γ
bridging substituents. 15 17 Interestingly, these effects of bulky substituents were later
reproduced by quantum mechanical calculations in the absence of the enzyme
environment. 18

CHAPTER TWO
MODEL REACTION FOR NUCLEOTIDYL TRANSFER REACTION IN DNA
POLYMERASE β
Experimental Kinetic Analyses Reveal Differences at the Chemical TSs for DNA
Polymerases
More than 50 years ago, DNA polymerase was discovered in Escherichia coli 19,
but for this enzymatic mechanism, a comprehensive characterization has not yet been
accomplished and detailed understanding its structures and reaction mechanism remains a
challenge to all biochemists. Until recently, the thio-substitution was used to study the
chemical steps for DNA polymerase by replacing the non-bridging oxygen atom on Pα of
the deoxyribonucleoside triphosphate (dNTP). It is an outstanding way to use thiosubstitution to destabilize nucleophilic attack on Pα atom. For using the thio-substitution
would raise the activation barrier of the corresponding non-bridging oxygen atom, which
allows for an examination of a chemical activation barrier dominating the reaction
pathway. However, due to the stereoselectivity for some isomers, the weakness for this
study is too complicated to get the data for DNA polymerase β. Thus, investigating the
transient kinetics from a series of chemically modified dNTP substrates according to an
LFER offers a significant advantage to studying the chemical mechanism of the
replication fidelity and inhibition of the human DNA polymerases. Recently, this method
is a key to study how the polymerase discriminates against correctly and incorrectly
14

15
paired deoxyribonucleosides incorporate into the non-Watson-Crick and Watson-Crick
base pairs in the DNA at molecule level. To explore the nucleotidyl transfer reaction in
DNA polymerase β from the energetic of the chemical steps, Sucato et al. proposed the
construction of an LFER associating the logarithm of the enzymatic reaction rate constant
(k) to the corresponding leaving group pKa of a range of dNTP analogues (Figure 4) 14 15.
Figure 4. (A) Schematic description of the reaction system for pol β active site from
crystal diffraction, which is showing the locations of the incoming nucleotides with the
primer, catalytic Mg2+ cations, and key residues in the active site. Here, the oxygen atom
at the β,γ bridging triphosphate is substituted from a series of halo-methylene groups. To
study the mechanistic effects on both mispairing (T-G) and paring (C-G) incorporation,
the steric/electronic properties (shown in rouge) and electron-withdrawing ability
(indicated by rouge arrow) at the proton-exchangeable sites or β-γ bridging position are
analyzed. (B) Schematic structures of dGTP and its analogues (1−9), and corresponding
bis-phosphonic acids (10−18), which is prepared for thermodynamic and kinetic analysis.
Here, X = CF2 (1, 10), CFCl (2, 11), CCl2 (3, 12), O (4, 13), CHF (5, 14), CBr2 (6, 15),
CHCl (7, 16), CHBr (8, 17), and CH2 (9, 18). 15
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Interestingly, when a broad range of halo methylene replacements for
Oβγ (Figure 4B) was analyzed from Sucato, two splitting separated Brønsted plots (log k
versus leaving group pKa) were initially observed. Moreover, the LFERs of the base
pairing substrates were parallel to each other, but the mispairing substrates were not
(Figure 5). For experimental biochemists, in the active site of these two mispairing and
pairing bases incorporation, it was a challenge to study the mechanism and the reason of
different behavior of the dNTP analogues in the structure difference. For this unusual
splitting LFERs behavior, the interactions between active-site atom and β,γ bridging
group halogens might be one of the possible reason. The different behavior might from
the diminished activity observed with the heavy di-halogen atoms and the distinctive
behavior between the mispairing and conventional pairing assays at the TS in this
enzymatic reaction. Another probable reason is not the intramolecular repulsion with
Oβγ but also from the enzyme itself. The electrostatic/steric interaction between the
guanidino group of Arg183 and the nearby halogen atoms in the dNTP is catalytically
incapaciting (labeled ii in Figure 6). The H-bond between Arg183 and the β phosphate in
the paring bases incorporation of the dNTPs plays a crucial function in the transition state
stabilization. Thus, near the H-bond (in the form of the halogen atoms), the density of
additional negative charge might interrupt this TS stabilization. For the intramolecular
repulsion the Oαβ atom and the pro-S halogen atom, the negative charge developing
(labeled i in Figure 6) may hinder leaving group elimination. Thus, compared with those
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contributions in the reactant state, if those contributions are larger, the diminished activity
might be observed for the dihalogen compounds. In the other word, those offsetting
trends can explain the “dihalogen effect” for nucleotidyl transfer reaction in DNA
polymerase resulting in unusual splitting LFERs in Figure 5.
Figure 5. LFER of log (kpol) versus leaving-group pKa4 for for dGTP and analogues (1−9),
incorporated opposite (A) the correct pairing template base, C, and (B) the mispairing
template base, T. For both (A) and (B) graphs, the experimental data are from native
dGTP, the methylene analogue, and the methylene analogues (βlg, CG = −0.56 and βlg, TG =
−0.68). While for the di-halogenated analogues (βlg, CG = −0.56 and βlg, TG = −1.12), the
slope is reported stepper for incorporation of the mispairing bases. 15
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Figure 6. The probable illustration for the unusual splitting lines shows the probable
interactions at the TS, between the halogen atoms (labeled Y) at the β-γ bridging and the
other possible elements in the active site. The repulsion between the S-halogen atom and
Oαβ, labeled (i), and the electrostatic/steric interaction between the Arg 183 and the Rhalogen atom, labeled (ii), indicates the different active-site at the TS in the mispairing
and paring bases. 15

Theoretical Model Reaction for DNA Polymerases
Nucleotidyl transfer reaction is extremely slow in aqueous solution, so it was
impossible to experimental study this reaction, however, with the gradual improvement
of the computing abilities, this issue now is solvable to be simulated in aqueous solution.
Sucato et al. once suggested 14 that there are two possible mechanisms for this nucleotidyl
transfer reaction: one is the perturbation of the height of the action will form a single
linear LFER plot, if the barrier to leaving group elimination is significantly high relative
to the other barriers near the TS in this reaction. Otherwise, the splitting linearity in
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LFER formation will be observed, if the leaving group elimination barrier is almost as
high as the other neighbor barrier.
To verify Sucato’s suspection and explore the nucleotidyl transfer reaction
mechanism in the solution without catalyst, which can lead us understand the splitting
LFERs in the DNA polymerase β. From Sucato’s work, by systematically changing the
β,γ O atom to the other substitution, the bisphosphonate leaving group aptitude could be
adjusted to asses whether P-O bond cleavage was rate-determining in the overall
nucleotidyl transfer reaction mechanism of pol β. In support of a rate-determining
chemical step, a negative correlation was revealed by plots of log (kpol) vs the
bisphosphaonate leaving group pKa4. Unexpectedly for all researchers, when the
incoming dGTP bisphosphate was mispaired (dT instead of dC in the template), the
LFER data for analogues incorporating a dihalogenated bisphosphate correlated to a
different trend line than the other analogues tested and indicated a leaving group effect on
fidelity.
In 2009, Kamerlin and co-workers 18 published a computational study that
examine the phosphate hydrolysis in aqueous solution and reproduced the LFERs after
analyzed the full energy surface maps for the methyl phosphate and analogues. The main
purpose of Kamerlin et al. is to investigate how the of halogen substitution affect the
LFERs at the β,γ-bridging position in aqueous solution, so they only simplified this
reaction as methyl triphosphate hydrolysis by replacing a series of the methylene group,
as shown in Figure 7. The reaction energy surface was defined concerning two reaction
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coordinates: the P−O distances from the central α phosphorus atom to either the oxygen
atom in leaving group or the oxygen atom in nucleophile. In the MFJ plots, each point
only constrained the freedom of these two degrees, and then fully optimized all the other
rest degrees of freedom. The Pα−Olg and Pα−Onuc distances were scanned in the range of
1.6−3.2 and 1.65−3.0 Å, respectively. The 3D energy surface was generated for each
compound and separated into the gas phase and solvation energies.
Figure 7. Model compounds. X = CF2, CFCl, CCl2, O, CHF, CBr2, CHCl, CHBr, or CH2.

For the hydrolysis reaction for the parent of methyl triphosphate analogue (X=O
in Figure 7) in aqueous solution, it is a single concerted associative (ANDN) reaction
process. For the TS as the geometry is shown in Figure 8, the distances of Pα−Olg and
Pα−Onuc are 1.8 and 2.0 Å, respectively. The calculated activation barrier is 38.6 kcal/mol.
We noted that this activation free energy was calculated from the significantly high 250
°C temperature, due to Kamerlin believed that they need that high temperature for an
experimental study for this nucleotidyl transfer reaction in aqueous solution. They
thought it’s more reliable and necessary to study it at such high temperature than compare
the rate constants extrapolated to 25 °C. 18
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Figure 8. Concerted (ANDN) transition state for the parent dGTP analogue (X = O).

Interestingly, the effects of bulky substituent for the calculated LFER (Figure 9)
were reproduced by quantum mechanical calculations in the absence of the enzyme
environment. As with the LFER for the correctly base paired analogues in the enzymatic
reaction (Figure 4A), the linear relationship of dihalogenated and monohalogenated
compounds conforms to two significantly splitting parallel LFER lines. However,
unexpectedly, the calculated energy surfaces for the hydrolysis of methyl triphosphate in
aqueous solution are similar to each other. All proceed through a single concerted
associative (ANDN) pathway with only one transition state. In each case, during the P−O
chemical bond formation or cleavage, the proton from the nucleophile water molecule is
transferred to the central α phosphate, as shown the transition state in Figure 8.
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Figure 9. Calculated LFERs for the hydrolysis of the dGTP analogues in solution.

Interestingly, this splitting phenomenon is only displayed in aqueous solution.
However, in the gas phase calculation, the hydrolysis of the rates for the mono- and
dihalogenated analogues is not distinguish separated (Figure 10), and almost all
compounds are falling roughly on a single line. Thus, Kamerlin et al. believed that the
primary cause for this unexpected splitting phenomenon is from the different interacting
with the solvent for mono- and dihalogenated compounds. In the other word, Kamerlin’s
study pointed that the solvation effects might be the main reason for the splitting lines for
in solution and enzymes.
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Figure 10. Calculated LFERs for the hydrolysis of the dGTP analogues in the gas phase.

Model for Nucleotidyl Transfer Reaction in Aqueous Solution with Implicit
Solvation Model
This work uses the tetrahydrofuranolate (THFO-) with a series of Mg2+ complexes
of β,γ-substituted methyl triphosphates in aqueous solution to serves as a model reaction
to address the nucleotidyl transfer reaction mechanism in aqueous solution. 20 These
reactants were chosen as models of the deprotonated deoxyribose terminus of the primer
DNA strand, and dNTP, respectively. After exploring the free energy surface near the
transition state (TS) plateau for this reaction, we expanded our study to include additional
11 dNTP analogs with bisphosphonate leaving groups of pKa4 constants spanning 7.8 –
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12.3 range. For these compounds, we examined βlg, and the corresponding linear
relationship (βeq) between the logarithm of the calculated equilibrium constant and the
corresponding leaving group pKa for the studied reaction. To address structural basis of
the observed Brønsted LFER we also evaluated substituent effects on the PαOlg bond
length and atomic charges.
We used 3′-hydroxy tetrahydrofuran and β,γ-substituted methyl triphosphate to
model the 3′-terminus of the primer DNA strand and β,γ-substituted dNTP substrate. To
keep the structure biochemical complex, we modeled this reaction as the methyl
triphosphate complex with a Mg2+ ion around with three explicit water molecules
(Figure 11). The state geometry of methyl triphosphate and magnesium ion in the initial
reactants was of the same atoms bonded to this dCTP bound to pol β. 21 Present in the
active site of the polymerase β we retained the “structure” ion, which is complexed to the
triphosphate group with two magnesium ions, while the “catalytic” Mg2 + ion, which
coordinates only the α-phosphate was removed. Although in the aqueous solution, the
“structure” Mg2+ ion in our model may consist of up to 3 orders (mol at 298 K about 4
kcal/mol), 22 whose main purpose is to make the calculated gas-phase and solvation
energetic by decreasing the large negative charge of the substrate is more accurate.
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Figure 11. Schematic structure of the reacting system. X = O, (R)-CHF, (S)-CHF, (R)CHCl, (S)-CHCl, (R)-CHBr, (S)-CHBr, (R)-CFCl, (S)-CFCl, (R)-CHCH3, (S)-CHCH3,
(R)-CFCH3, (S)-CFCH3, CH2, CF2, CCl2, CBr2, C(CH3)2; R = H+ or nothing.

The following two mechanisms of such reaction systems are considered variants:
the parent triphosphate (X = O in Figure 11), the first mechanism comprises double
protonated γ-phosphate:
ΤHFO- + Mg•diprotonated methyl triphosphate•(3H2O)

phosphate

diester- + Mg•(3H2O)•H2PPi

(9)

and the second mechanism contained unprotonated γ-phosphate:
ΤHFO- + [Mg•methyl triphosphate•(3H2O)]2-

phosphate diester- +

[Mg•(3H2O)•PPi]2-

(10)

resulting, respectively, in the total charge −1 and −3 of the reacting system.
In aqueous solution we mapped the relatively free energy surface as a function of
Pα−Onuc and Pα−Olg distances (Figure 11). For this quantum mechanics (QM) study, each
gas phase and solvation free energy was calculated, and the sum of both the gas phase
and solvation free energies was represent as the potential free energy for the reaction
between the THFO– and the Mg2+ complex of β,γ-substituted methyl triphosphate. Free
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energy cost protonated γ-phosphate in the mechanism 1was set to ΔGpH = 2.303RT(pH –
pKa1) + 2.303RT(pH – pKa2), in which was pKa1= 6.6 and pKa2 = 1.5. 23 24 In aqueous
solution at pH 7 and 1 M concentration of each reactant, following equation is to produce
a free energy surface for our study mechanism of the DNA primer terminus with dNTP,
DNAn + dNTP

DNAn+1 + PPi,

(11)

the mechanism 1 and 2 generated the relative free energies were corrected for the entropy
configuration and pKa of deoxyribose from experimental work (pKa value is 12.67). 25
5.3 kcal / mol from the correction for the configuration entropy was taken from the
calculated restraint release entropy from a phosphate monoester hydrolysis with the 3chloro phenyl leaving group (the pKa of 9.02 is similar to PPi’s pKa value), 26 which is the
leaving group in the parent compound.
Model for Nulceotidyl Transfer Reaction in Aqueous Solution with Mixed
Explicit/Implicit Solvation Model
In this work, the primer DNA strand and dNTP are still modeled, respectively, by
3’-hydroxy tetrahydrofuran (THFO-) and methyl triphosphate complex with Mg2+ ion.
The octahedral coordination of Mg2+ is imposed in all calculations by adding three water
molecules as Mg2+ ligands (Figure 12). In the simulated system, additional zero to five
explicit water molecules are used as part of the hybrid solvation model for this
explicit/implicit solvation model. The initial reactant state conformation of the methyl
triphosphate compound corresponds to the conformation of the dCTP in the pol β active
site 27.
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For the nucleotidyl transfer reaction, we still use equation 11. We calculated free
energy surfaces for five pH-dependent mechanistic variants in aqueous solution that all
shared the same nucleophile, THFO-, but the protonation state is different for the α- and
γ-phosphate groups in the dNTP substrate. These protonation states and sites were
retained for all geometric configurations of each mechanism.
First, the free energy surface was mapped for the reaction of THFO– with
unprotonated substrate, i.e.
THFO– + methyl triphosphate 4-

phosphate diester – + PPi4-

(12)

This mechanism (or corresponding free energy surface) is denoted α0γ0.
Figure 12. Model system for calculations of uncatalyzed nucleotidyl transfer reaction in
aqueous solution. THF- and Mg·methyl triphosphate complex were used to model
deprotonated 3’-terminal primer nucleotide and dNTP substrate, respectively. Several
protonation states of methyl triphosphate were explicitly considered. These states
included the -2–charged (i.e. fully deprotonated) complex and three -1–charged
complexes that contained protonated O1, O6 or O7 atoms. In the first coordination sphere
of the Mg2+ ion, beyond the three depicted water molecules, the reaction model also
included three to eight explicit water molecules.

The initial single- and double-protonation of dNTP on its γ-phosphate yielded
mechanisms
THFO– + methyl triphosphate(γH)3-

phosphate diester – + PPiH 3– (13)
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and
THFO– + methyl triphosphate(γH2)2-

phosphate diester – + PPiH2 2– (14)

which are denoted, respectively, α0γ1 and α0γ2 mechanisms.
Finally, we considered mechanisms involving the protonation of α-phosphate of the
substrate,
THFO– + methyl triphosphate(αH)3-

phosphate diester – + PPiH 3– (15)

and protonation of both the α− and γ−phosphate of the substrate
THFO– + methyl triphosphate(αγH2)2-

phosphate diester – + PPiH22–(16)

which we labeled α1γ0 and α1γ1, respectively. The mechanisms 12 – 16 resulted,
respectively, in the -3, -2, -1, -2 and -1 total charge of the simulated system.

CHAPTER THREE
COMPUTATIONAL METHODS
Geometry Optimization in Gas-Phase and Solution
The Hartree-Fock (HF) density functional combined with the 6-31G* basis set
was carried out in the partial and full geometry optimizations in the gas phase using the
Gaussian 03 program 28 and in solution using the Gaussian 09 program 29. This method is
on the Hartree-Fock energy limit combined with the valence double-zeta polarized basis
set of 6-31G*30 and is abbreviated as the HF/6-31G* method for gas phase optimization
throughout the text. The Polarizable Continuum Model method (PCM) via a set of
overlapping spheres to created the solute cavity and was employed to optimize geometry
in solution, and the method is abbreviated as PCM/HF/6-31G* throughout the text.
For the state of the reactants and at all points on the reaction pathways, the
positions of the Onuc, Pα, and Olg atoms were held within a plane perpendicular to the
plane Pα–O1–O2 (Figures 12 and 13). The torsion angles χ = Pα–Olg–Pβ–Oβγ, δ = Olg–Pβ–
Oβγ–Pγ, and ε = Pβ–Oβγ–Pγ–Oγ1 (Figure 11 and 12) were constrained at -87.09 °, 98.47 °,
and 97.95 °. The δ, ε angles also remained fixed in the product structure, and the structure
and reaction THFO- and corresponding diester product was fully optimized. We got these
torsion angles from the observed value in the dCTP bound to pol β. 21 Other dUTPases 36
and DNA polymerases 31 32 33 34 35, can catalyze the analogous reactions, bind dNTP
29

30
substrates in a similar gauche conformation that does not significantly change during
their chemical transformation 37 38 (Table 1). In addition, the reaction
α0γ0, α0γ1, α0γ2, α1γ0 and α1γ1 in mixed explicit / implicit solvent model, the keyword
“opt = redundant” was used to fix χ, δ, and ε torsion angles and Pα–Olg and Pα–Onuc
distances during geometry optimizations. To determine the geometries in aqueous
solution, the Gaussian 09 program 26 was used with the PCM/HF/6-31G* level using
keywords “SCRF=(PCM, solvent=water)”.
The gauche–gauche conformer of lowest free energy was only considered to be
diester product. In addition, each point of the reaction 1 (eq. 9) and the β,γ- bridging
oxygen atoms, with the doubly protonated form γ-phosphate (Figure 11, X = O, R = H).
In the final optimization of all geometric torsion angles were kept constrained in the
subsequent of the TS point with the same Pα–Onuc and Pα–Olg distances for reaction 2 (eq
10). For mixed explicit / implicit solvation model, considering the effect of hydration
effects, in the reactants, the first and each additional explicit water molecules was placed
into the THFO- triphosphate or methyl triphosphate, i.e., the variant with the lower free
energy was chosen (Table 2). A similar procedure to find the optimal water placement
providing the lowest free energy in solution was followed by the systems in the TS
region. The geometry of the TS with n-1 explicit water molecules was used to determine
the optimal placement of the last water molecule in the system with n water molecules, n
= 1, 2, …, 5.
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Table 1. Conformational variability of the Triphosphate chain of dNTP substrates bound
to DNA polymerase’s active site.
High-resolution structures
j
Torsions pol β/
pol η/
pol λ/
T7 pol/
Taq pol/
BF pol/
i
b
c
e
a
d
f dUTPase
dGTP
dCTP
dCTP•A
dCTP
dATP
dGTP•T
Pα-Olg-87.1
-72.7
-81.0
-121.9
-79.2
-127.4
-75.2
Pβ-X
Olg-PβX-Pγ

98.4

108.0

78.4

65.0

118.4

40.8

109.2

Pβ-XPγ-O6

98.0

93.4

127.8

127.5

97.5

143.9

97.7

How
inhibited

Removed
Onuc, Na+
at
catalytic
site

Carbon
at O3A
position

Nitrogen
at O3A
position

Pol ηg
0s

Nitrogen
2’, 3’at O3A
didoexypossition nucleotide

Time resolved structures (time intervals)
pol βh
40 s
80 s
140 s
10 s
0s

20 s

Pα-OlgPβ-X

-130.2

-135.3

-138.4

-137.4

-123.1

-139.0

-130.3

Olg-PβX-Pγ

77.7

76.6

74.9

72.9

86.0

70.4

69.8

113.1

111.3

117.9

116.7

122.3

124.5

127.3

Pβ-XPγ-O6
How
inhibited

a

Removed Removed
Onuc
Onuc

Ca2+ instead of Mg2+; Mg2+ added as reaction progresses.

PDB code 2FMP. Batra et al. (2006) Structure 14: 757-766.
PDB code 1T7P. Doublie et al. (1998) Nature 391: 251-258.
c
PDB code 3KTQ. Li et al. (1998) EMBO J. 17: 3714-7525.
d
PDB code 3MR2. Biertumpfer et al. (2010) Nature 465: 1044-1048.
e
PDB code 3PX6. Wang et al. (2011) Proc.Natl. Acad.Sci.USA 108: 17644-17648.
f
PDB code 3PML. Bebenek et al. (2011) Proc.Natl. Acad.Sci.USA 108:1862-1867.
g
PDB code 4ECQ, 4ECR, 4ECS, 4ECU, 4ECV. Nakamura et al. (2012) Nature 487: 196-201.
h
PDB code 4KLD, 4KLE, 4KLF. Freudenthal et al. (2013) Cell 154: 157-168.
i
PDB code 2XCE, Garcia-Nafria et al. (2010) Acta Cryst D66: 953-961.
j
Figure 11
b
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Table 2. The dependence of the calculated activation free energies (Δg‡, kcal/mol) on the
composition and conformation of the reactant (R) and transition (TS) states.
R

Δg‡ (kcal/mol)a

α0γ2

α0γ1

α0γ0

TS

cisd
transd
O6H-cis,
O7H-cisd
O6H-cis,
O7H-transd

α1γ1

α1γ0

O6H-trans,
O7H-cisd
O6H-trans,
O7H-transd

a

cisd
transd
‡

3 H 2O
0:0:3b
30.7
0:0:3b
O6HO7Htransc
cisc
41.0
42.6
41.7
44.3
0:0:3b

4 H 2O
0:1:3b
28.0
0:1:3b
O6HO7Hcisc
transc
30.2
26.6
27.1
29.9
1:0:3b

5 H 2O
1:1:3b
23.7
1:1:3b
O6HO7Hcisc
transc
33.3
35.8
28.4
27.3
2:0:3b

6 H 2O
0:3:3b
26.3
2:1:3b
O7Htransc

7 H 2O
1:3:3b
26.4
1:3:3b
O7Htransc

8 H 2O
2:3:3b
25.9
2:3:3b
O7Htransc

28.3
3:0:3b

28.9
3:1:3b

28.9
4:1:3b

37.7

31.5

29.6

30.5

30.0

30.0

40.8

33.4

32.3

32.5

28.9

31.1

38.1

31.1

34.2
1:2:3b
39.3
2:1:3b
O7Htransc

2:2:3b
39.7
1:3:3b
O7Htransc

2:3:3b
39.9
2:3:3b
O7Htransc

41.6

42.6

43.0

b

0:0:3
30.0
0:0:3b
O6HO7Htransc
cisc
41.3
39.8
40.9
36.8

b

0:1:3
40.8
0:1:3b
O6HO7Hcisc
transc
48.8
43.8
45.6
42.8

1:1:3b
38.4
1:1:3b
O6HO7Hcisc
transc
53.6
54.8
49.4
44.2

Δg was the difference between the the lowest free energy of the TS and the lowest free energy
of corresponding reactants (with respect to the conformation of the protonated γ-phosphate), in
which the same oxygen atom(O6 or O7, Figure 12) was protonated, but the orientation of the
proton and the reaction pathway were allowed to relax. The lowest R and TS conformations are
identified in the horizontal and vertical column of the table, respectively, and the free energy
corresponding to their difference is shown in the corresponding row/column intersection. The
associative or dissociative nature of the lowest free energy pathway is not shown. Δg‡ for the
systems with six, seven or eight explicit water molecules were obtained using the reaction
pathway and the protonation and conformation patterns that correspond to the lowest Δg‡ for the
system with five explicit water molecules.
b
The ration “i:j:h” represents i water molecules in the corresponding THFO-, j water molecules in
the corresponding methyl triphosphate, and h water molecules placed around the Mg2+ in the R.
c
The lowest free energy R configuration that has O6 or O7 atom protonated and the cis or trans HOx-Pγ-O8 angle, Ox = O6 or O7 (Figure 12).
d
For each TS conformation, only the lowest Δg‡ configuration that has O6 or O7 atom protonated
and the cis or trans H-Ox-Pγ-O8 angle, Ox = O6 or O7 (Figure 12) is listed here.
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Gas Phase and Solvation Free Energy Calculations in Gaussian
To find the TS from the free energy surfaces of the nucleotidyl transfer reaction in
aqueous solution, we mapped the relative free energy as a function by changing the
distance from central α phosphorus atom to the leaving group, Pα−Olg, and the
nucleophile, Pα−Onuc (Figure 11 and 12). At each point on the plot, the pH-dependent
free energy for our reacting system (ΔGrxn) at 25 °C was calculated as
ΔGrxn = ΔEgas + ΔΔGsolv + ΔGPT,dNTP + ΔGPT,nuc –TΔSconfig

(17)

where Egas, ΔGsolv, ΔGpH, ΔGpKa and –TΔSconfig denote, respectively, the gas phase ab
inito energy, the solute hydration free energy, pH-dependent free energy for protonation
of substrate (ΔGPT, dNTP), and pH-dependent free energy for the deprotonation of the
nucleophile with pKa = 12.67 25 (ΔGPT, nuc) and the configurationally entropy that is
dominated by the translational and rotational degrees of freedom.
For mixed explicit / implicit solvation model, the free energy cost of protonating
methyl triphosphate was determined as
ΔGPT,dNTP = 2.303RT (pH – pKa)

(18)

where pKa = 6.6 and 1.5 for the first and second γ-phosphate protonation 24 23, and pKa =
1.29 for the α-phosphate protonation, which is approximated here by pKa of a similar
phosphate diester: dimethyl phosphoric acid 39. Eq. 18 was applied twice (with
appropriate pKas) for doubly-protonated compounds (Figure 12). For implicit model, the
free energy cost has still used the eq. 24, but no pKa value was considered due to the αphosphate protonation was not considered in this simulation. Thus, the free energy cost of
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protonating the γ-phosphate in mechanism 1 in implicit model was determined as
ΔGPT,dNTP = 2.303RT (pH –pKa1) + 2.303RT (pH –pKa2), where pKa1 = 6.6 and pKa2 =
1.5. In eq 17, we used a value of 5.3 kcal/mol constant for -TΔSconfig, which corresponds
to the entropy configuration component of hydrolysis of a phosphate monoester molecule
with 3-chloro phenyl leaving group 26, whose pKa of 9.02 is similar to our compound’s
leaving group pKa.
The calculated free energies were mapped along reaction pathways that were
defined by the values of Pα−Onuc and Pα−Olg distances. For implicit model, both of these
distances were constrained and on the other hand, for mixed solvation model, one or both
of these distances were fixed during each geometry optimization. These distances, which
were similar but not identical for reactions α0γ0, α0γ1, α0γ2, α1γ0 and α1γ1, are
illustrated in Figure 13 and 14, and for reaction 1 and 2, are illustrated in Figure 15. Flow
chart for implicit and mixed explicit / implicit solvation models are shown in Figure 16
and 17, which fully shows all steps for each point calculation for the MFJ plots.
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Figure 13. Bond distances that were used for mapping relative free energies in the
vicinity of the TS plateau of the reaction 2 with no explicit water molecules. For C1, C2,
C3, A2 – 8, A1 points the Onuc-Pα distance was fixed, and the Pα-Olg distance was relaxed
during the geometry optimization. For A12, C4 – C6 points, the Pα-Olg distance was fixed
and the Onuc-Pα distance was relaxed during the geometry optimization. For all points
shown by filled shapes, both Onuc-Pα and Pα-Olg distances were constrained to interpolate
other points. Black, blue and purple symbols represent points that were used to generate
associative, synchronous and perpendicular slices of the free energy surface. The point of
the highest free energy along each pathway is highlighted using an enlarged point
symbol.
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Figure 14. Pairs of PαO bond distances that were used for mapping relative free energies
in the vicinity of the TS plateau. The labels 2, 3, 4, 5 and 6 denote equations 2, 3, 4, 5 and
6, respectively. Using labels a, b, and c, these reactions were, respectively, studied using
model systems containing zero, one, and two explicit water molecules that were not in the
Mg2+ coordination sphere. Thus, for example, PαO distances at which we evaluated free
energy for the mechanism of eq 3 using a model containing one explicit water molecule
are shown in the graph labeled 3b. Black, blue, and orange points define, respectively,
associative, synchronous and dissociative slices of the free energy surface. Purple points
lie on a straight line intersecting barriers of synchronous and associative pathways. Green
symbols denote points that were assumed to be common for several pathways. For points
shown by unfilled and filled shapes, one of the Onuc-Pα and Pα-Olg distances, and both of
these distances were fixed, respectively. The highest free energy point along each
pathway is highlighted using an enlarged point symbol. The highest free-energy point
along the pathways in the rightmost figures (c) were used to extend TS free energy
calculations to the corresponding pathways and model systems with 3, 4 or 5 explicit
water molecules.
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Figure 15. Bond distances that were used for mapping of relative free energies in the
vicinity of the TS plateau for reaction 3. The labels A, S, D, P, and C denote,
respectively, associative, synchronous, dissociative reaction pathways, a slice orthogonal
to the reaction coordinate, and points belonging to two or more pathways. The A7, S7,
D9, and D6 points were used in our analysis of the β,γ substituent effects.
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Figure 16. Methodological flow chart for calculations of free energy surfaces for the
reaction 3 using mechanisms 1 (steps 1, 2, 3A, 4, 5) and 2 (steps 1, 1B, 2, 3B, 4). The pKa
corrections at pH 7 (steps 3A and 3B) are based on the experimental pKa for the first
protonation of γ-phosphate in deoxyadenosine triphosphate (6.6), for the second
protonation of methyl triphosphate (1.6), and for dexyribose (12.67).
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Figure 17. Methodological flow chart for calculations of free energy surfaces for the
reaction 6 using eq 18 (steps 1, 2, 3A, 4, 5 for α0γ0), eq 19 (steps 1, 1B, 2, 3B, 4, 5 for
α0γ1), eq 20 (steps 1, 1C, 2, 3C, 4, 5 for α0γ2), eq 22 (steps 1, 1D, 2, 3D, 4, 5 for α1γ0)
and eq 23 (steps 1, 1E, 2, 3E, 4, 5 for α1γ1). The pKa corrections at pH 7 (steps 3A, 3B,
3C, 3D and 3E) are based on the experimental pKa for the first and second protonation of
γ-phosphate in triphosphate (6.6 and 1.5), for the first protonation of α-phosphate in
methyl triphosphate (1.29), and for deoxyribose (12.67).
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The gas phase energy as one component to build the energy surface is the single
point energy calculation with B3LYP/TZVP method with keyword “Pop=MK”. As the
Becke’s three-parameter hybrid gradient method corrected exchange density function, the
B3LYP contains the elements from Hartree-Fock theory and DFT 40. TZVP is the triple
zeta valence electrons and polarized basis set of Ahlrichs (TZVP) 42. It is the the gradientcorrected correlation functional of Lee, Yang, and Parr 41. Thus, the B3LYP density
function combines with the TZVP basis set is abbreviated as the B3LYP/TZVP method
throughout the text. According to the Merz-Singh-Kollman scheme 43, to produce charges
fit to the electrostatic potential (ESP) of selected points, ESP and MerzKollman charges
are synonyms for MK. “Pop=MK” is for the population analysis for a molecule to print
out the atomic charge assignments.
Solvation free energies, Gsolv, were calculated by the Polarizable Continuum
Model (PCM) using the integral equation formalism variant (IEF-PCM) 44 with the
dielectric constant of 78.4 (water). The keywords “Pop=MK, SCRF=(PCM, Read,
Solvent=Water)” and additional keywords “SCFVAC, RADI=UAHF, ALPHA=0.95,
NOADDSPH” in Gaussian 03 or “RADI=UAHF, ALPHA=0.95, NOADDSPH” in
Gaussian 09 were used to specify the molecular cavity. The keyword “SCRF=Read” is
used for an anisotropic or ionic solvent, so the aqueous solution simulation employs this
item in the PCM input section. If preliminary gas phase energy is desired, the SCFVAC
PCM input option will do a separate job step before the solvated calculation. This option
has been removed in Gaussian 09. For the calculated ︎Gsolv, “ALPHA=0.95” were used to
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change the solute-solvent boundary by a factor of 0.95 from the Pauling’s atomic radii
(1.2, 1.4, 1.5, and 1.8 for H, O, C and P atoms, respectively) scale. “NOADDSPH” option
was chosen to avoid the generation of added spheres to smooth the cavity surface in the
calculation. The IEF-PCM method is used in conjunction with the Langevin Dipoles 7
(LD) solvation model to calculate Gsolv. All LD Gsolv calculations were carried out using
the ChemSol 2.1 45 program unless otherwise specified. The Cartesian coordinates and
point charges of each atom in a molecular compound are required as input to the
ChemSol program. The optimized gas-phase geometries used and ESP charges calculated
in comparative IEF-PCM ︎Gsolv calculations are used as supply input file to ChemSol for
all LD ︎Gsolv calculations. The solute-solvent boundary is used in the ChemSol program
with the parameterized atomic radii: the solute–solvent boundary was determined using
the atomic radii of 3.2, 2.8, 2.65, 2.65, 2.46, 3.16, 3.44, and 1.82 Å for the P, O, C, N, F,
Cl, Br, and Mg atoms, respectively. The radius of each hydrogen atom was equal to the
radius of the nearest non-hydrogen atom multiplied by a factor of 0.88. The radius of the
oxygen atoms was adjusted to obtain reasonable agreement between the experimental
(−68 ± 5 kcal/mol) 7 and calculated (−71 kcal/mol) solvation free energy of the
compound H2PO4–. For all calculations in the gas phase are the standard state, here was
chosen as 1 mole of each reactant at 1 atm pressure. While in the aqueous solution, the
standard state was 1 M concentration of the reactants at T = 298 K and pH 7. For each
solute, the calculated solvation free energies were averaged over 50 separate calculations,
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each calculation having a different position on the grid of solvent dipoles concerning the
solute.
Evaluation of the Solvation Models
The accurate reproduction of activation barriers for the model DNA polymerase
reaction using the LD method to calculate solvation energies commenced building the
reaction free energy profiles. Large sets of data are required for these calculations.
Therefore, Python scripts were written to extract geometries and ESP charges from the
output file generated by the Gaussian IEF-PCM calculations to generate input for a
modified version of the ChemSol v2.1 program. The ChemSol program was modified so
that it could easily accept input files for ΔGsolv calculations and program parameters.
These scripts can be made available by contacting the author at zhang4zheng@gmail.com
or Jan Florián at jfloria@luc.edu.
Natural Bond Orbital (NBO) Analysis
In the computational chemistry study, NBO is a way to use the maximum electron
density to calculate the bonding orbital. Thus, NBO analysis employs a more
sophisticated scheme that uses the concept of natural orbitals and occupation based
symmetric orthogonalization that leads to more robust results. 46 47 The net effect of NBO
analysis is that the total density is broken into localized contributions associated with
individual atoms giving rise to natural charges and further into 1-center (lone pairs) and
two-center (bonds) pieces. It leads to a straightforward determination of Lewis structures.
NBO also allows one to determine hybridization of the atomic orbitals contributing to a
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particular bond. In the text, we also used the Mulliken’s net atomic charges, which is the
default atomic charges in the Gaussian program and arose from the Mulliken population
analysis. 48 Compared with the NBO atomic charges, the Mulliken partial atomic charges
is a fast, rough and based on the linear scaled numerical algorithm of atomic orbital,
therefore this method are routinely used in the linear regression, e.g. Quantitative
Structure-activity Relationship Models (QSAR models), procedures. Mulliken is the
cheapest and fastest way to computer charges. However, this method tends to give
qualitative results at best due to it divides the canonical orbital equally amongst the
participating atoms. Compared with the Mulliken analysis, NBO atomic charges are
much more reliable, since the operator on the electron density instead. Thus, this text
focuses on NBO analysis when the charge distribution analysis for any species in this
simulations.
pH Rate Profiles
It is a useful way of representing acid base behavior to use the pH rate profiles
before starting to discuss the acid or base catalysis. As a plot of log kobs (for acid – neutral
– base reaction) v.s. pH, it can be used in most cases buffers solution, which would be
used to control pH value in a reaction, but also can be used to understand the kinetic data
reflected in a pH-rate dependence reaction.
In our studied nucleotidyl transfer reaction, the reaction rate constant should go
by way of the Onuc-Pα bond cleavage, and are not distinguished by the products phosphate
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diester- and protonated PPi for different mechanisms. General speaking, for a compound
PA in this pH range between 0 and 15, the rate law is
Rate = d[Product]/dt = k0[PA] + kA[H+][PA] + kB[OH-][PA]

(19)

Which combines with the chemical rate equation
-d[PA]/dt = kobs[PA]

(20)

we can get the eqution
kobs = k0 + kA[H+] + kB[OH-]

(21)

In computational chemistry, we can theoretically calculate the rate constant k from the
activation free energies and eq 13 at different pH value.
For our example, the nucleotidyl transfer reaction, the following equation can be
used for calculate the activation free energies at different pH values in different
mechanisms, the reaction rate constant k should use the following equation a specified
pH:
kpredict = log (Σ10ki)
where ki is the rate constant k for each mechanism and it would be calculated from the eq
9 with the following ΔG‡ calculations.
For α0γ0 mechanism, below pH 6.6 (pKa1 = 6.6 for the first γ-phosphate
protonation 24 and pKa0 = 12.67 25 for the deprotonation of the nucleophile):
ΔG‡ = ΔEgas + ΔΔGsolv – TΔSconfig + 2.303RT (pKa0 - pH) +2.303RT (pKa1 - pH)

(22)

between 6.6 and 12.67:
ΔG‡ = ΔEgas + ΔΔGsolv – TΔSconfig + 2.303RT (pKa0 - pH)

(23)
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Above 12.67:
ΔG‡ = ΔEgas + ΔΔGsolv – TΔSconfig

(24)

For For α0γ1 mechanism, below pH 6.6 (pKa1 = 6.6 for the first γ-phosphate protonation
24

and pKa0 = 12.67 25 for the deprotonation of the nucleophile):
ΔG‡ = ΔEgas + ΔΔGsolv – TΔSconfig + 2.303RT (pKa0 - pH)

(25)

between 6.6 and 12.67 (pKa0 = 12.67 25 for the deprotonation of the nucleophile):
ΔG‡ = ΔEgas + ΔΔGsolv – TΔSconfig + 2.303RT (pKa0 - pH) + 2.303RT (pH - pKa1)

(26)

Above 12.67:
ΔG‡ = ΔEgas + ΔΔGsolv – TΔSconfig + 2.303RT (pH - pKa1)

(27)

For For α0γ2 mechanism, below pH 1.5 (pKa2 = 1.5 for the second γ-phosphate
protonation 23 and pKa0 = 12.67 25 for the deprotonation of the nucleophile):
ΔG‡ = ΔEgas + ΔΔGsolv – TΔSconfig + 2.303RT (pKa0 - pH)

(28)

between 1.5 and 6.6 (pKa1 = 6.6 for the first γ-phosphate protonation 24):
ΔG‡ = ΔEgas + ΔΔGsolv – TΔSconfig + 2.303RT (pKa0 - pH) + 2.303RT (pH - pKa2)

(29)

between 6.6 and 12.67 (pKa1 = 6.6 for the first γ-phosphate protonation 24):
ΔG‡ = ΔEgas + ΔΔGsolv – TΔSconfig + 2.303RT (pKa0 - pH) +
2.303RT (pH - pKa2) + 2.303RT (pH - pKa1)

(30)

Above 12.67:
ΔG‡ = ΔEgas + ΔΔGsolv – TΔSconfig + 2.303RT (pH - pKa2) + 2.303RT (pH - pKa1) (31)
For For α1γ0 mechanism, below pH 1.6 (pKa3 = 1.6 for the first α-phosphate protonation
23

and pKa0 = 12.67 25 for the deprotonation of the nucleophile):
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ΔG‡ = ΔEgas + ΔΔGsolv – TΔSconfig + 2.303RT (pKa0 - pH)

(32)

between 1.6 and 12.67:
ΔG‡ = ΔEgas + ΔΔGsolv – TΔSconfig + 2.303RT (pKa0 - pH) + 2.303RT (pH - pKa3)

(33)

Above 12.67:
ΔG‡ = ΔEgas + ΔΔGsolv – TΔSconfig + 2.303RT (pH - pKa3)

(34)

For α1γ1 mechanism, below pH 1.5 (pKa2 = 1.5 for the second γ-phosphate protonation 23
and pKa0 = 12.67 25 for the deprotonation of the nucleophile):
ΔG‡ = ΔEgas + ΔΔGsolv – TΔSconfig + 2.303RT (pKa0 - pH)

(35)

between 1.5 and 1.6 (pKa3 = 1.6 for the first α-phosphate protonation 24):
ΔG‡ = ΔEgas + ΔΔGsolv – TΔSconfig + 2.303RT (pKa0 - pH) + 2.303RT (pH - pKa2)

(36)

between 1.6 and 12.67 (pKa1 = 12.67 25 for the deprotonation of the nucleophile):
ΔG‡ = ΔEgas + ΔΔGsolv – TΔSconfig + 2.303RT (pKa0 - pH) +
2.303RT (pH - pKa2) + 2.303RT (pH - pKa3)

(37)

Above 12.67:
ΔG‡ = ΔEgas + ΔΔGsolv – TΔSconfig + 2.303RT (pH - pKa2) + 2.303RT (pH - pKa3) (38)

CHAPTER FOUR
RESULTS AND DISSCUSIONS: QM ANALYSIS OF NONENZYMATIC
NUCLEOTIDYL TRANSFER REACTION IN AQUEOUS SOLUTION FOR
IMPLICIT MODEL
Free Energy Profiles for the Parent Substrate
Geometric parameters for nucleotidyl transfer reaction are known and have been
used to map free energies for the parent compound X=O (Figure 11) along three possible
reaction pathways with a pair of changed chemical bond (from center Pα to Onuc or Olg) is
shown in Figure 15. The free energy surfaces of phosphate diester reactions 18 26 49 guided
how to choose the associative, synchronous and dissociative pathways. After initial
calculations, to keep the calculated free energy difference between two adjacent points in
the TS area below 1 kcal/mol, the extra points were inserted along three pathways.
Additionally, we mapped free energy along the “tightness coordinate” 50 , which is called
as perpendicular pathway that passes through the highest energy plateau in the direction,
in which is approximately perpendicular to the synchronous pathway.
For the mechanism involving unprotonated 〈-phosphate (Reaction 2, eq 16) at pH
7, the free energy profiles are shown in the bottom section of Figure 18. The associative,
synchronous and dissociative pathways have the activation energies of 32.0, 30.5 and
31.3 kcal/mol, respectively. Due to the lowest energy barrier at 30.5 kcal/mol
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was calculated in the synchronous pathway, the position of its highest point at rPαOnuc =
2.06 ± 0.05 Å and rPαOlg = 1.88 ± 0.05 Å represents the TS for reaction 2.
Figure 18. Bottom: Relative free energy (ΔG, bottom) along the associative (left),
synchronous (middle), and dissociative (right) pathway for reaction 2 in aqueous solution
at pH 7. Top: The corresponding solvation (ΔGsolv, color, right y-axis scale) and gasphase (black) energy components. Individual points along each reaction pathway can be
associated with particular rPαOlg and rPαOnuc distances using labels defined in Figure 15.
For easier orientation, some of these labels are also shown in the center portion of this
figure.

The individual gas-phase and solvation energies components of the free energy
profiles (Step 4 in Figure 16) are represented in the upper part of Figure 18. With the -1–
charged nucleophile THFO- approaches -2–charged methyl triphosphate complex, both of
the solvation free energies and gas-phase energies rise of the reacting system become
more negative, resulting in flat free energy profiles, especially for the associative
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pathway. The compensation of both the solvation and gas-phase energetics also occurs
for the tightness coordinate of the reaction free energy surface in the perpendicular
pathway (Figure 19).
Figure 19. Bottom: Slice of the free energy surface for reaction 2 along the direction that
is perpendicular to the reaction pathway (Figure 15). Top: The corresponding solvation
(ΔGsolv, color, right y-axis scale) and gas-phase energy (black) components. Individual
points can be associated with particular rPαOlg and rPαOnuc distances using labels defined
in Figure 15. For easier orientation, some of these labels are also shown in the center
portion of this figure.

At pH 7, starting from the same state of reactants, an alternative reaction
mechanism was investigated, which comprises the γ-phosphate with the initial double
protonation (Reaction 1). Compared to the reaction 2, it yields higher activation barriers
for the associative, synchronous and dissociative pathways with the free energies of 34.1,
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33.0, and 31.7 kcal/mol, respectively (Figure 20). Thus, the reaction 1 with double
protonation on γ-phosphate proceeds via the dissociative pathway that is characterized by
a looser TS (rPαOnuc = 2.24 ± 0.05 Å and rPαOlg = 2.00 ± 0.05 A) for the rate-limiting
step.
Figure 20. Bottom: Relative free energy (ΔG, bottom) along the associative (left graph),
synchronous (middle), and dissociative (right graph) pathway for reaction 1 in aqueous
solution at pH 7. Top: The corresponding solvation (ΔGsolv, color, right y-axis scale) and
gas-phase (black) energy components. Individual points along each reaction pathway can
be associated with specific rPαOlg and rPαOnuc distances using labels defined in Figure 15.
For easier orientation, some of these labels are also shown in the center portion of this
figure.
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Charge Distribution for the Parent Substrate
To interpret Brønsted LFER of nucleotidyl transfer reactions, 50 51 and for the
empirical valence bond (EVB) methods to provide quantitative data 52, it is significant to
test how the charges of some individual atoms or groups change along various reaction
coordinates. The NBO atomic charges for the reactant reference states, TS point, and
product states of these two mechanistic models, which differ in the total charge of the
reacting system, are presented in Table 3. In both mechanisms, the leaving group total
charge, which comprises the complex of pyrophosphate (PPi) with three explicit water
molecules and the Mg2+ ion, decreases upon going from the methyl triphosphate complex
reactant to the pyrophosphate product. This reduction is slightly larger (0.36 AU) when γphosphate in the reaction 2 unprotonated the reaction 1 (0.32 a.u.) with the charge
transfering to the Olg, and this change to the reactions 1 and 2 contributing 33% and 45%,
respectively. A similar trend (Table 4) emerges from the analysis of Mulliken charges.
For these two mechanisms, the shift of the electron density to the leaving group during
the nucleotidyl transfer reaction is accompanied by the reduction of the nucleophile
group’s electron density, which is modeled in our simulations by the THFO- moiety.
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Table 3. Variation of NBO charges of atoms and groups during nucleotide transfer
reaction in aqueous solution.
total chargea (a.u.)
atom/groupb
R∞
R3.6
TSA
TSS
TSD
P∞
Reaction 2 c
lg
-1.64
-1.41
-1.66
-1.73
-1.83
-2.00
Olg
-1.11
-0.56
-0.58
-0.62
-0.68
-0.81
nuc
-1.00
-0.91
-0.66
-0.67
-0.71
-0.53
Onuc
-1.10
-0.88
-0.72
-0.73
-0.76
-0.42
CH3PO3
-0.36
-0.68
-0.69
-0.60
-0.46
-0.47
Pα
2.53
1.00
1.09
1.10
1.10
0.89

a

Pβ

2.55

0.93

0.90

Pγ
<O1,2>
<O3,4>
<O5,6,7>
Mg

2.50
-1.19
-1.20
-1.25
1.48

lg
Olg
nuc
Onuc
CH3PO3
<O1,2>
Mg

0.32
-1.11
-1.00
-1.10
-0.32
-1.18
1.49

0.87
0.85
-0.71
-0.78
-0.74
-0.77
-0.80
-0.80
1.46
1.56
Reaction 1 d
0.48
0.22
-0.50
-0.57
-0.87
-0.50
-0.90
-0.72
-0.61
-0.62
-0.69
-0.78
1.44
1.66

0.90

0.89

0.89

0.85
-0.76
-0.78
-0.81
1.56

0.85
-0.71
-0.79
-0.81
1.56

0.85
-0.71
-0.82
-0.81
1.56

0.21
-0.57
-0.64
-0.73
-0.56
-0.74
1.56

0.11
-0.63
-0.68
-0.76
-0.42
-0.71
1.56

0.00
-0.71
-0.60
-0.42
-0.40
-0.70
1.56

Atomic charge or the sum of atomic charges for the group of atoms. At the
PCM/B3LYP/TZVP//HF/6-31G* level, NBO atomic charges were calculated for analysis in this
study. R∞, R3.6, P∞, TSA, TSS, and TSD denote, respectively, infinitely separated reactants (i.e.
THFO- and methyl triphosphate·Mg complex, Figure 11), reactants with the Onuc – Pα distance of
3.6 Å, infinitely separated products (i.e. phosphate diester and PPi·Mg complex), and transition
states along the associative, synchronous and dissociative pathways (Figure 15).
b
The nucleophile (nuc) includes all atoms of the THFO moiety. The leaving group (lg) includes
the complex of an Mg2+ ion with three water molecules and β- and γ-phosphate groups. CH3PO3
denotes ‘Metaphosphate’ moiety that consists of Pα, O1, O2, O3 atoms and the methyl group.
<O1,2>, <O3,4> and <O5,6,7> denote average of atomic charges of non-bridging oxygen atoms on
the α-, β-, and γ-phosphate, respectively. For atom numbering, see Figure 11.
c
See eq 16
d
See eq 15
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Table 4. Variation of Mulliken charges of atoms and groups during nucleotidyl transfer
reaction in aqueous solution.
total chargea (a.u.)
atom/groupb
R∞
R3.6
TSA
TSS
TSD
P∞
c
Reaction 2
lg
-1.32
-1.41
-1.66
-1.73
-1.83
-2.00
Olg
-0.47
-0.56
-0.58
-0.62
-0.68
-0.81
nuc
-1.00
-0.91
-0.66
-0.67
-0.71
-0.53
Onuc
-0.99
-0.88
-0.72
-0.73
-0.76
-0.42
CH3PO3
-0.68
-0.68
-0.69
-0.60
-0.46
-0.47
Pα
0.93
1.00
1.09
1.10
1.10
0.89

a

Pβ

0.89

0.93

Pγ
<O1,2>
<O3,4>
<O5,6,7>
Mg

0.85
-0.71
-0.72
-0.78
1.44

0.87
-0.71
-0.74
-0.80
1.46

lg
Olg
nuc
Onuc
CH3PO3
<O1,2>
Mg

0.61
-0.44
-1.00
-0.99
-0.61
-0.69
1.44

0.90

0.85
-0.78
-0.77
-0.80
1.56
Reaction 1 d
0.48
0.22
-0.50
-0.57
-0.87
-0.50
-0.90
-0.72
-0.61
-0.62
-0.69
-0.78
1.44
1.66

0.90

0.89

0.89

0.85
-0.76
-0.78
-0.81
1.56

0.85
-0.71
-0.79
-0.81
1.56

0.85
-0.71
-0.82
-0.81
1.56

0.21
-0.57
-0.64
-0.73
-0.56
-0.74
1.56

0.11
-0.63
-0.68
-0.76
-0.42
-0.71
1.56

0.00
-0.71
-0.60
-0.42
-0.40
-0.70
1.56

Atomic charge or the sum of atomic charges for the group of atoms. At the
PCM/B3LYP/TZVP//HF/6-31G* level, Mulliken atomic charges were calculated for analysis in
this study. R∞, R3.6, P∞, TSA, TSS, and TSD denote, respectively, infinitely separated reactants (i.e.
THFO- and methyl triphosphate·Mg complex, Figure 11), reactants with the Onuc – Pα distance of
3.6 Å, infinitely separated products (i.e. phosphate diester and PPi·Mg complex), and transition
states along the associative, synchronous and dissociative pathways (Figure 15).
b
The nucleophile (nuc) includes all atoms of the THFO moiety. The leaving group (lg) includes
the complex of an Mg2+ ion with three water molecules and β- and γ-phosphate groups. CH3PO3
denotes ‘Metaphosphate’ moiety that consists of Pα, O1, O2, O3 atoms and the methyl group.
<O1,2>, <O3,4> and <O5,6,7> denote average of atomic charges of non-bridging oxygen atoms on
the α-, β-, and γ-phosphate, respectively. For atom numbering, see Figure 11.
c
See eq 16
d
See eq 15
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The NBO atomic charges of the leaving group at the three TSs (Table 3) are
approximately halfway between reactant and product state. The charges become closer to
its reactant value as the tightness of the TS increases (i.e., upon going to a more
associative TS structure The charge of the “metaphosphate” moiety, which consists of the
central Pα, two non-bridging oxygen atoms, and the -OCH3 group, becomes more
negative by 0.08 a.u. in the associative TS for the reaction 1 but increases by 0.04 a.u. in
the dissociative TS. Similarly, on the α-phosphate, each of the two non-bridging O atoms
(O1 and O2) shows a small but significant buildup of the electron density, Δq = −0.04 and
−0.05 a.u. for reactions 2 and 1, respectively, upon going from the reactant to the
associative TS. This increase is diminished in the dissociative TS (Δq = −0.002 and −0.01
a.u.) and synchronous TS (Δq = −0.03 and −0.04 a.u.). While charges change for the
metaphosphate changes sign as tightness of the TS decreases, charges on both the leaving
group and nucleophile to recompense for this change. These variations of NBO atomic
charges between the reactant and TS are validated by variations in the corresponding
Mulliken atomic charges (Table 4).
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Table 5. Variation of ESP charges of atoms and groups during model nucleotide transfer
reactions in aqueous solution.
total chargea (a.u.)
atom/groupb
R∞
R3.6
TSA
TSS
TSD
P∞
c
Reaction 2
lg
-1.35
-1.53
-1.85
-1.89
-2.00
-2.00
Olg
-0.63
-0.74
-0.78
-0.82
-0.90
-1.03
nuc
-1.00
-0.93
-0.63
-0.65
-0.69
-0.71
Onuc
-1.23
-1.17
-1.02
-1.03
-1.07
-0.69
CH3PO3
-0.65
-0.54
-0.52
-0.46
-0.31
-0.29
Pα
1.41
1.41
1.38
1.38
1.60
1.26

a

Pβ

1.47

1.51

Pγ
<O1,2>
<O3,4>
<O5,6,7>
Mg

1.57
-0.89
-0.91
-1.00
1.68

1.49
-0.80
-0.95
-0.98
1.70

lg
Olg
nuc
Onuc
CH3PO3
<O1,2>
Mg

0.57
-0.63
-1.00
-1.23
-0.57
-0.89
1.59

1.54

1.44
-0.80
-0.98
-0.98
1.62
Reaction 1 d
0.36
0.17
-0.62
-0.61
-0.92
-0.45
-1.23
-0.86
-0.45
-0.71
-0.84
-0.78
1.75
1.76

1.56

1.60

1.59

1.44
-0.79
-0.99
-0.98
1.62

1.44
-0.76
-1.00
-0.99
1.60

1.41
-0.74
-1.01
-0.97
1.59

0.16
-0.62
-0.49
-0.89
-0.68
-0.78
1.79

0.11
-0.65
-0.53
-0.92
-0.58
-0.73
1.81

0.00
-0.89
-0.44
-0.69
-0.56
-0.72
1.54

Atomic charge or the sum of atomic charges for the group of atoms. At the
PCM/B3LYP/TZVP//HF/6-31G* level, ESP atomic charges were calculated for analysis in this
study. R∞, R3.6, P∞, TSA, TSS, and TSD denote, respectively, infinitely separated reactants (i.e.
THFO- and methyl triphosphate·Mg complex, Figure 11), reactants with the Onuc – Pα distance of
3.6 Å, infinitely separated products (i.e. phosphate diester and PPi·Mg complex), and transition
states along the associative, synchronous and dissociative pathways (Figure 15).
b
The nucleophile (nuc) includes all atoms of the THFO moiety. The leaving group (lg) includes
the complex of an Mg2+ ion with three water molecules and β- and γ-phosphate groups. CH3PO3
denotes ‘Metaphosphate’ moiety that consists of P , O1, O2, O3 atoms and the methyl group.
<O1,2>, <O3,4> and <O5,6,7> denote average of atomic charges of non-bridging oxygen atoms on
the α-, β-, and γ-phosphate, respectively. For atom numbering, see Figure 11.
c
See eq 16
d
See eq 15
α
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When we studied the structural variations of electron density, the NBO and
Mulliken charges were used rather than ESP atomic charges, due to the weakness of ESP
charges of large molecules is that tend to suffer from large conformation-dependent
fluctuations. This deficiency primarily affects the atomic charges that are buried inside
large molecules, for example, oxygen and phosphorus atoms that are located in the P–O–
P or P–O–Mg bridges. However, due to the more realistic magnitudes, the ESP charges
were applied in the classical force fields or the LD models (Table 5). It is significant to
incorporate these charge effects properly into reactive force fields, due to the charge
variations between the TS and reactant, or between the TSs in different mechanisms, at
the enzyme active site, it determine the electrostatic stabilization of these states. For this
purpose, adding Mulliken or NBO atomic charge variations into the ESP atomic charges
of the reactant state would serve a reasonable parameterization strategy.
Structural Effects of the β,γ Phosphate Bridging Groups in the Reactant State
Recently, a series of guanidyl triphosphates with their β,γ bridging oxygen has
been substituted by a variant of methylene and halo methylene groups (Figure 11) 14, 15 16,
17

. These compounds showed how to changed the chemical properties by changing the

reactant and TS for the nucleotidyl transfer reaction.
The Pβ–C bonds in β,γ-substituted methyl triphosphates are significantly longer
than the bridging Pβ–O bonds in the parent triphosphate: the bridging PβOβγ and PγOβγ
distances are 1.574 and 1.696 Å, respectively, while the corresponding average Pβ–C
distances are 1.858 ± 0.03 and 1.909 ± 0.03 Å. The doubly protonation of γ-phosphate
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lengthens the chemical bond of Pβ–O to 1.659 Å and shortens the Pγ–O to 1.565 Å; a
similar trend happens for the substituted triphosphates. Due to the longer Pβ–C bonds, the
Pβ–C–Pγ angles compensates the more acute angles than the Pβ–O–Pγ angle, resulting in
similar bond lengths between the Pβ and Pγ atoms. Thus, the β,γ methylene group and
halo methylene substitutions do not show the significant perturbation for the calculation
of Mg2+ coordination geometry.
The scissile Pα–Olg bond length in the unprotonated methyl triphosphate
complexes varies from 1.616 to 1.632 Å; these distances agree reasonably well with the
ternary complex observation pol β distance of 1.608 (PDB code 1BPY). 53 The double
protonation of the γ-phosphate extends the bond length (Figure 21) slightly. Interestingly,
compounds with the highest pKa of the Olg atom in the leaving group for corresponding
bisphosphonate (PβO3–CH2–PγO34–) have the shortest Pα–Olg bond. Actually, further
analysis exhibits a linear relationship between the pKa value of Olg and the scissile bond
length for our studied unprotonated and protonated methyl triphosphate complexes
(Figure 21). In fact, for phosphate mono- and triester, the calculated bond length from our
pKa-dependence model agrees well with the structural substituent effects, which is
observed by Jones and Kirby. 54 55
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Figure 21. Calculated Pα–Olg bond length for methyl triphosphate complexes, averaged
over two diastereomers (Figure 11), are plotted as a function of the corresponding
experimental pKa of PPi and the substituted bisphosphonates. 17 The correlation
coefficients are R = 0.93 and 0.87 for the doubly protonated (black circle, slope -0.00423)
and unprotonated triphosphates (blue square, slope -0.00338), respectively. The green
triangle is for the parent O compound in the dianion system (reaction 2) that was not
included in the linear fit line for unprotonated triphosphates.

As the pKa value of PPi and the β,γ-substituted bisphosphonates decreases, the
NBO atomic charges become less negative for the O4, O5, and Olg atoms bonded to the
Pβ of the corresponding methyl triphosphate (Figure 22, 23, and Table 5), and the
corresponding Mulliken atomic charges show similar correlations (Figure 24). As the
leaving group pKa decreases, the “metaphosphate” (CH3PαO3) (Figure 25) and nonbridging oxygen atoms on α- and γ-phosphate consistent with this trend and also become
less negative. This excess negative charge flows into the two adjacent phosphorus atoms
and bridging group (Figure 22).
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Figure 22. The relationship between the experimental pKa of the leaving group (PPi or its
bisphosphonate analogues) and the selected NBO atomic charges of the
[Mg·3H2O·methyl triphosphate]2– complex and its analogues. The purple diamonds
(slope = −0.0028, R = 0.78), red circles (slope = −0.007, R = 0.89), and green triangles
(slope =0.049, R = 0.90) represent the Olg charge, average of the charges of the two nonbridging O atoms on β-phosphate, and the sum of charges on the X group (Figure 11),
Pβ and Pγ, respectively. Values of the Xtot + Pβ + Pγ charge are depicted along the y-axis
on the right.
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Figure 23. The relationship between pKa of the leaving group (PPi or β,γ-substituted
bisphosphonate) and the NBO atomic charge of Olg atom, average charge of O4,5, or
charge of Pβ + Xtot + Pγ of methyl triphosphate complexes doubly protonated on the
gamma phosphate (Figure 11). The purple diamonds (R=0.95, slope=-0.003), red circles
(R=0.97, slope=-0.0073), and green triangles (R=0.95, slope=0.047) represent the Olg
charge, average of the charges of the two non-bridging O atoms on β-phosphate (O4,5),
and the charge on Pβ, the bridging C (or O for parent O) with substituents and Pγ, for
doubly protonated compounds, respectively. The value of the charge on Pβ, the bridging
C (or O for parent O) with substituents and Pγ correspond to the y-axis on the right.
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Table 6. NBO Atomic Charge vs. pKa and charge difference vs. pKa correlations for
substituent compounds.
Reaction 1
Reaction 2
2
Slope
R
Slope
R2
RS
<O1,2>
-0.0017
0.5483
-0.0017
0.5825
<O4,5>
-0.0077
0.8140
-0.0078
0.9421
Olg
-0.0032
0.6738
-0.0033
0.9385
CH3PO3
-0.0056
0.6605
-0.0060
0.7516
Pβ+Xtot+Pγ
0.0529
0.8275
0.0504
0.9275
TSAVE (S+D)
TS (D)
<O1,2>
0.0010
0.4283
0.0014
0.6516
<O4,5>
0.0003
0.0362
-0.0002
0.0373
Olg
-0.0026
0.3310
-0.0030
-0.7973
CH3PO3
0.0031
0.7073
0.0042
0.8697
Pβ+Xtot+Pγ
0.0010
0.0378
0.0014
0.1564
a

Charge difference between TS and the reactant state, ΔQ = Q(TS) – Q(RS). Note that for
reaction 1, the charge of TS was evaluated only for the dissociative pathway. For reaction 2, the
charge of TS was averaged over the TS value for the synchronous and dissociative pathway as
both pathways provide similar activation free energies.

Figure 24. The relationship between pKa of the leaving group (PPi or β,γ-substituted
bisphosphonate) and the Mulliken atomic charge of Olg atom (purple and orange points),
or average charge of O45 and atoms (blue and red points) of methyl triphosphate
complexes. The purple diamonds (R=0.78, slope= -0.0028) and orange triangles (R=0.93,
slope= -0.0029) represent Olg charges for unprotonated and doubly protonated
compounds, respectively. Red circles (R=0.89, slope= -0.007) and blue squares (R=0.96,
slope= -0.0072) represent the average of the charges of the two non-bridging O atoms on
γ-phosphate (O45), for unprotonated and doubly protonated compounds, respectively.
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Figure 25. Atomic charge in the reactant state on Pα, O12, -OCH3 (CH3PO3) vs pKa4 for
unprotonated methyl triphosphate analogs and pKa2 for doubly protonated methyl
triphosphate analogs (R=0.93, slope=-0.0038).

The local scissile bond polarity was not affected by the γ-phosphate protonation.
That is, Olg is more negative by 0.746 and 0.788 a.u. than the CH3PαO3 moiety for
unprotonated and double protonated methyl triphosphates in aqueous solution,
respectively. The difference in the charge of the CH3PαO3 moiety and the remaining part
of the methyl triphosphate was 2.982 and 2.254 a.u. for unprotonated and protonated
compounds, respectively. In the absence of electron transfer between the two halves, one
would expect double protonated γ-phosphate to produce a charge difference of 0.982 a.u..
Thus, the actual charge difference of 2.254 a.u. constituting shows that even the γphosphate protonation represents a significant larger electron withdrawing effect than the
most electron-withdrawing moiety, the -CF2- substitution, of the β,γ bridging oxygen.
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Kinetic and Equilibrium Effects of the β, γ Phosphate Bridging Groups
For a studied chemical reaction rate and changes in pKa of the leaving group, the
Brønsted LFER is usually expressed as a linear relationship between the substituentinduced changes in the logarithm of the rate constant and the corresponding pKa value,
Δlog k = βlg ΔpKa

(39)

an significant quantity for the LFER analysis for our studied reaction system is the pKa of
Olg in the product state (i.e., PPi for X = O and β,γ-X-bisphosphonates for X ≠ O, Figure
11). In our particular case, k corresponds to the nucleotidyl transfer reaction rate constant,
and the pKa corresponds to the protonation of PPi or bisphosphonate. More specially, for
both reaction 1 and 2, pKa value corresponds, respectively, to the equilibrium between
H3PPi– and H2PPi2– (pKa2) and HPPi3– and PPi4– (pKa4) with X = O and to analogous
pKa value of β,γ-X-bisphosphonates. The efficacy of eq 19 is hard to justify theoretically;
however, the corresponding relationship of LFER is frequently employed 50 56 , due to it
serves as a practical representative for the theoretically set up the linear relationship
between the activation (Δg⧧) and reaction (ΔGr) free energies,
ΔΔg⧧ = β' ΔΔGr

(40)

The validity of eq 20 can be derived from a single-step reaction, where the free energy
surface of states of both reactants and products can be described as a quadratic function
from the Marcus parabola of the reaction coordinate. In fact, for any reaction, the barrier
can be determined from the equal curvature of the intersection of the two Marcus
parabolas. 57 58 This approach has been generalized to a multi-step mechanism of the
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hydrolysis reaction Phosphate. 56 Besides, Rosta and Warshel recently have confirmed
that the magnitude of coupling between the two Marcus parabolas is not affected by
chemical substitutions during SN2 reactions. 59
Because ΔGr = −2.303RT log Keq and ΔΔg⧧ = −2.303RT Δlog k, 60 eq 20 can be
equivalently presented as log k versus log Keq, where Keq is the reaction equilibrium
constant:
Δlog k = β' Δlog Keq

(41)

Replacing the relationship of eq 21 with eq 20 is convenient, for in most cases the pKa of
the leaving group is significantly easier to measure than Keq. Furthermore, due to the free
energy of the PPi product (X = O, bisphosphonate for X ≠ O) factors into both value
of Ka and Keq, it is usually assumed 50 that these equilibrium constants are linearly related,
Δlog Keq = βeq ΔpKa = -ΔΔGr/ 2.303RT

(42)

Combining the eq 41 and 42 implies the relationship
βlg = β' βeq

(43)

and validity of eq 13, which is supported by the observed kinetics of many phosphoryl
transfer reactions, especially our nucleotidyl transfer reaction. 50
By the experimental data for pol β 15 and simulated phosphate diester compounds
in aqueous solution, 61 the activation free energy changes by about 1 kcal/mol in the
acidity of the leaving group by a pKa unit. Thus, the need for accurate reproduction of the
LFER effects puts extreme demands on the precision of the calculated energetic in
aqueous solution.
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For reaction 2, in the studied aqueous solution, the calculated free energy shows a
linear correlation with the experimental pKa4 of PPi and β–γ-X-bisphosphonates that are
characterized by a slope of 1.27 (Table 7). This linear relationship indicates −0.93
βeq value (eq 21), which is consistent with the close correlation between the value of
both Ka and Keq that has been empirically confirmed by phosphate monoester hydrolysis.
51

In the reaction 2, the calculated activation free energies trend linearly with the
calculated ΔGr. That is, when we kept the Pα–Onuc and Pα–Olg distances constrained at
2.06 and 1.88 Å, which corresponds to the synchronous TS (point S7 in Figure 15), while
relaxing remaining chemical coordinates except the torsion angles in the backbone, we
obtained a linear relationship of eq 20 with the slope β' = 0.73 and a good correlation
coefficient R = 0.85. Followed the similar idea, we obtained β′ = 0.71 and R = 0.81 for
the associative TS (point A7 in Figure 15) and β' = 0.86 and R = 0.85 for the dissociative
TS (point D9 in Figure 15). Thus, as we expected, 50 tightening the TS yields an LFER
relationship with a smaller slope.
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Table 7. For Reaction 2, Calculated Reaction Energies in Gas Phase (ΔEgas,0), Reaction
Free Energies in Aqueous Solution (ΔGr,0), Activation Free Energies in Gas Phase
(ΔE⧧gas), and Activation Free Energies in Aqueous Solution (ΔG⧧) Involving β,γSubstituted Methyl Triphosphate Analogues.a
X
isomerb
pKa4c
ΔEgas,0
ΔGr,0
ΔE‡gas
ΔG‡
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
CF2
7.8
1.3
-16.3
103.5
20.9
CFCl
S
8.4
7.7
-14.5
104.2
21.9
CClF
R
8.4
-3.3
-16.3
104.2
20.1
CCl2
8.8
5.4
-15.4
101.1
21.7
O
8.9
3.2
-15.9
107.9
22.4
CHF
S
9.0
-2.2
-13.8
102.7
23.8
CFH
R
9.0
3.7
-13.0
103.3
22.0
CBr2
9.3
-1.2
-14.5
96.2
23.0
CHCl
S
9.5
4.1
-10.4
105.0
23.7
CClH
R
9.5
3.0
-17.8
104.8
22.5
CHBr
S
9.9
8.6
-16.1
108.1
24.8
CBrH
R
9.9
9.7
-12.4
109.2
23.7
CFCH3
R
10.2
14.1
-15.5
106.0
23.6
CCH3F
S
10.2
-1.6
-12.7
103.6
25.0
CH2
10.5
5.9
-12.8
106.2
25.5
CHCH3
S
11.6
8.0
-11.0
105.7
25.6
CCH3H
R
11.6
4.9
-11.2
104.5
25.1
d
slope
2.21
1.27
1.23
1.23
Rd
0.76
0.94
0.46
0.94
a

Note that the data in this table utilize the reactant and product protonation states shown in
reaction 2 to evaluate energy differences.
b
The R- or S-stereoisomers. Atoms bound to the chiral center (bridging C) are ordered with the
lowest atomic number atom pointing away and the remaining atoms from Pβ to Pγ to the
remaining substituent are ordered clockwise in the R-form. This means that when looking from
Pβ to bridging C to Pγ, the heavier substituent is on the left in the R-form.
c
Reference 17.
d
Slope and R denote the slope of the linear interpolation of energy as a function of pKa and the
correlation coefficient, respectively. Diastereomer energies were averaged.
By adding 7.8 kcal/mol for the protonation of the nucleophile THFO- (Figure 16) and by
subtracting 2.6 kcal/mol for the protonation of PPi (pKa = 8.9) to the calculated value for the
parent rection 2 (ΔGr = −15.9 kcal/mol, Table 2), we obtain the ΔGr° = −10.7 kcal/mol that
corresponds to the most stable reactant and product states at pH 7. This calculated reaction free
energy agrees reasonably well with the experimental free energy of ATP hydrolysis to AMP and
PPi reported by Jencks (−7.7 kcal/mol, pH 7) 62 and Schuegraf (−10.3 kcal/mol, pH 7.5). 63
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The data displayed in the previous paragraph were generated by considering the
individual points for the parent, methylene, dihalogenated, and dimethyl chemcial
compounds, and the average free energy of each pair of diastereomers. Because the TS in
the synchronous and dissociative pathways display indistinguishable free energies
(considering their error bar), whereas those for associative TS are systematically higher,
we developed the characteristic of the linear fit by averaging over the activation free
energies for both of the synchronous and dissociative TS, producing β’ of 0.79 (Figure
26) that results to βlg = −0.73 (eq 29). This averaging of the two TSs might be used to
lower the data noise, because, in the TS region, the surface of the free energy is very flat.
By examining compounds protonated on γ-phosphate as a natural extension of the series
of the substituent effects regarding reaction free energy values, we obtain linear
correlations with β’ = 0.59 (Figure 27) and βlg = −0.55. Finally, the linear correlation of
the calculated log k and experimental pKa4 yielded βlg = −0.89 with a correlation
coefficient of 0.94 (Figure 28).
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Figure 26. The relationship between calculated activation free energy and calculated
reaction free energy for reaction 2 (eq 16). The reaction free energy values for the
stereoisomeric compounds (i.e., data on the x-axis) were averaged over the two
diastereomers while activation free energies were allowed to show stereoisomeric
effects. S-form diastereomers, R-form diastereomers, and the average of S- and R-form
diastereomers with other compounds are shown as red triangles, blue squares, and black
circles (β′ = 0.79, R = 0.89), respectively.

Figure 27. The relationship between activation free energy and reaction free energy for
the reactions 1 (squares) and 2 (circles). For the reaction 1, the activation free energies
were evaluated for TS along the dissociative pathway (point D6 in Figure 15). For the
reaction 2, the activation free energies were evaluated as the average of the ΔG‡ for the
synchronous and dissociative pathways (points S7 and D9 in Figure 15). The slope and
correlation coefficient for the linear fit of all points (full line) are 0.59 and R = 0.97,
respectively. Slopes of the lines fitted separately using the reaction 1 and reaction 2
points are 0.45 and 0.79, respectively.
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Figure 28. Linear relationship (βlg = −0.89, R = 0.94) between experimental pKa’s of the
leaving groups (PPi or its bisphosphonate analogues) 17 and the logarithm of the rate
constants calculated for the mechanism 2 (eq 16) at pH 7 and 298 K. Green squares
denote data for dihalogenated compounds.

S-Diastereomers have higher activation free energies systematically than the Rdiastereomers (Figure 27). The stereoisomeric effects for the average energies of both
TSs in synchronous and dissociative pathways decrease by 1.79, 1.76, 1.34, 1.17, 1.10,
and 0.50 kcal/mol for CClF, CFH, CFCH3, CClH, CBrH, and CCH3H, respectively.
Similar R-form preference has been observed in pol β kinetic experiments where an
incoming β,γ-substituent guanine is inserted opposite cytosine with a stereospecificity 16
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of 0.41 (0.62 with G opposite T) and 0.28 (1.00 with G opposite T) kcal/mol for CHF and
CHCl, respectively. Previously, scientists have attributed this difference to the interaction
of the dipole of the halogen bond with the Arg183 residue in the pol β active site; 16
interestingly, even in the absence of the protein our data show a significant R-form
preference. Unfortunately, the decomposition of the calculated stereoisomeric energy
differences into structural components is not feasible due to the small magnitude of these
differences and inherent non-additivity of quantum-mechanical energies and solvation
free energies.
Effects of the β,γ Phosphate Bridging Groups on the TS Charge Distribution
The substituent effects on pKa value of the organic compounds are often attributed
to through-bond induction effects, which result in the donation or withdrawal of electron
density to or from the protonation site. 4 In our particular situation, substituted dNTPs
with lower leaving group pKa’s have atoms at the β–γ-X-phosphate bridging position,
which is expected to present a greater electron-withdrawing propensity. Due to the
increased pKa value, electron density withdrawal effects should be reduced, and electrondonating should become more apparent. In fact, in both protonated and unprotonated
methyl triphosphate complexes (RS), as well as all TS, the Olg charge, the average charge
from O1 and O2 atoms, and the average charge from O4 and O5 atoms all became more
negative as the pKa value of the leaving group increased, while the opposite was
calculated for the value of the charge for the Pβ + Xtot + Pγ group (Figure 11, Table 6).
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However, for most atoms and groups in this study, these pKa value correlations
disappeared when the charge difference between the TS and the RS, ΔQ = Q(TS) –
Q(RS), was considered. The two exceptions included the CH3PO3, i.e. “metaphosphate”
moiety, and Olg in the reaction 1 (Table 6). The value of ΔQ for CH3PO3 became more
negative as pKa value of the leaving group decreased but less negative for the atom of Olg.
These two events happen with relation to one another, as the ΔQ for the atom
Olg correlates strongly with ΔQ for the CH3PO3 fragment.
Conclusions and Discussions
The purpose for this research was to verify that the unusual irregular Brønsted
LFER that was observed for the insertion of β,γ-modified dGTP substrates into DNA by
pol β 14 15 also occurs in the corresponding non-enzymatic reactions as suggested by
Kamerlin et al. 18 More specifically, the motivation for this study was to verify the plot
of kpol as a function of pKa4 value of the corresponding free bisphosphonic acid from the
leaving group, so that we might show the linear relationship of both experimentally in pol
β (Figure 29A) and computationally in aqueous solution (Figure 29B) two significantly
different linear correlations, one is for monohalogenated and the other is for
dihalogenated substituent.
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Figure 29. Linear relationships between experimental pKa’s of the leaving groups (PPi or
its bisphosphonate analogues) 17 and the logarithm of the reaction rate constant for (A)
the insertion of dGTP and its β,γ bisphosphonate analogues opposite dT by pol β 15 at 37
°C and (B) hydrolysis of methyl triphosphate and its β,γ bisphosphonate analogues in
aqueous solution at 37 °C. 18 Green squares denote data for dihalogenated compounds.
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The nonenzymatic catalytic reaction of β,γ-modified dGTPs hydrolysis in aqueous
solution is hard to experimentally study due to very long reaction times 64 9 and the
necessity to distinguish between the mechanisms that involve the nucleophilic attack on
α- and β-phosphate. Therefore, Kamerlin et al. theoretically studied the hydrolysis
reaction for β,γ-substituted methyl triphosphate4– in aqueous solution by H2O attack on
the central Pα. 18 In this study, Kamerlin et al. employed 9 studied compounds and
separately built the free energy surface maps by scanning fixed PαOnuc and
PαOlg distances with 0.15 and 0.2 Å increments, respectively, at the B3LYP/6-31+G*
level, fully optimized all compounds with remaining internal coordinates of the reacting
system in the gas-phase, and at the LD or PCM level included solvation free energies. As
these computational studies yielded a similar pattern of the splitting LFER lines
separation between mono- and dihalogenated substituents compounds as experimental
pol β essays (Figure 29), it reported a conclusion that this peculiar LFER behavior is
mainly due to solvation effects. 18
In aqueous solution, because phosphate diesters conformational equilibria are
characterized by several states of similar stability that are separated by low torsion
barriers, 65 66 significantly conformational variability also might be expected for methyl
triphosphates. However, unfortunately, Kamerlin et al. did not examine free energies of
probable minima of multiple conformations. Thus, the suspicious agreement with the
experimentally observed mono- and dihalogen splitting LFER lines calculated by
Kamerlin might be a coincidence caused by a subset of compounds converging to a
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higher energy conformation. Actually, Figure 18 represents a TS structure in which the
methyl group on the pentavalent α-phosphate (pseudo) rotated from its initial equatorial
position to the apical position, a process that should be forbid to happen during a
concerted in-line attack on α-phosphate. It is entirely probable that this pseudo torsion
angle rotation occurred only for some of the compounds calculated by Kamerlin et al.
Further more, to explore the reaction mechanism, Kamerlin et al. also employed
nucleophilic water to study the proton transfer to the nonbridging oxygen on β-phosphate.
Although this protonation could explain the calculated unusual separated LFER lines, it is
not possible to occur in aqueous solution or even in the pol β active site due to the low
pKa of the acceptor oxygen atom.
We suspected that the results from Kamerlin et al. were affected by numerical
instability was reinforced by the βlg coefficients of −3.39 and −4.06 for the di- and
monohalo-substituted methyl triphosphates, respectively, which we obtained by
converting the activation free energies published by Kamerlin et al. to the reasonable log
k at 310 K, were significant larger (in absolute value) than the experimental βlg from
Sucato. Moreover, the interesting thing was when we built a new linear fit from the same
data that considered all of the kinetic data (dashed line in Figure 29B), the correlation
coefficient R significantly decreased to 0.53 but the slope for this reaction resulting βlg of
−1.77 was much closer to the experimental βlg (Figure 29A).
For the activation free energies, to increase the precision and stability we have
increased the range of pKa value and a number of the studied compounds, neglected
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substituent effects on the distances of both PαOlg and PαOnuc in the TS, and considered
only an in-line nucleophilic attacking and a single triphosphate conformation. Here, a
natural choice was to employ the three torsion angles from the crystallographic
triphosphate chain of dCTP bound in the active site of pol β. 27 Small torsion angle
movements during the enzymatic reaction, which were revealed by time-lapse
crystallography (Table 1) 37 suggest that this was an appropriate approximation. In
addition, to obtain realistic optimized geometries in the aqueous solution and support the
use of a smaller quantum-mechanical basis set, we reduced the total solute charge by
including an explicitly hydrated structural Mg2+ ion into our simulation system. The
intended goal of our model, to generate sufficiently more stable and also generate the
realistic free energies for a series of chemically similar compounds, appears to have been
achieved.
Eventually, our calculations did not confirm Kamerlin et al.’s results, but
presented that all β,γ-modified methyl triphosphates follow a single straight Brønsted
LFER line with the βlg slope of −0.89 (Figure 28). This slope reflects the distances of the
PαOnuc and PαOlg being in the 2.05–2.15 Å and 1.90–2.05 Å range, respectively. The free
energy surface map in the rectangular area between these two points is within the relative
accuracy of our calculations (1 kcal/mol) and is equal to 30 kcal/mol (for the parent
methyl triphosphate in pH 7, 1 M, and 298 K). The absolute accuracy of this ΔG‡ is hard
to estimate, due to the many possible sources of computational errors that may or may not
cancel upon going from the reactant state to TS. One such source, namely, the effect of a
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small difference in the geometries of our studied chemical compounds, can be estimated
from our data. After the geometry optimized, the activation free energy has been already
calculated in the gas phase (30.5 kcal/mol, HF/6-31G*, Figure 18) and in aqueous
solution modeled by dielectric continuum (30.2 kcal/mol, PCM/HF/6-31G*), this
geometry-related error is negligibly small. Further more, changing the QM method to
LD/PCM/B3LYP/6-31+G*//PCM/B3LYP/6-31+G* yielded 30.1 kcal/mol activation free
energy. However, the magnitude of these method-dependent deviations could be
significantly larger, if the triphosphate torsion angles were fully relaxed.
The calculated distances of PαOlg and PαOnuc in the TS imply that this TS has a
significant contribution to make bond and a smaller contribution to break PαOlg bond, but
the calculated βlg slope of −0.89 is close to βeq = −0.93, which reflects the limiting case of
the bond of PαOlg being entirely broken. The large slope of βlg value occurring even for
the TS, which happens quite early on the reaction coordinate can be rationalized by the
electron withdrawal from the “metaphosphate” portion of the molecule in compounds
with low pKa value for the corresponding leaving group. The resulting more slightly
positive charge facilitates a lower activation barrier for the attack from the negative
nucleophile group ΤΗFO-. Nevertheless, as indicated by the calculated βlg variation along
the tightness coordinate and by longer chemical bond length of PαOlg in the compounds
with lower leaving group pKa’s (Figure 21), the dominant contribution to the βlg still
originates from the bond of PαOlg breaking.
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In conclusion, the unusual separated LFER observed in pol β is not due to general
solvation effects. Due to the structural Mg2+ ion and torsion angle constraints
characteristic of the pol β active site were included in our simulated model, it is also not
possible that the splitting LFER lines would be caused by systematic alteration of Mg2+–
halogen interactions or intramolecular steric or electrostatic effects upon going from
monohalogenated to dihalogenated bisphosphonates. These exclusions point to the
differences in specific interactions with the active site in pol β, including probable effects
of γ-phosphate monoprotonation or changes in the enzymatic mechanism as the cause of
the splitting effect. Although the LFER slope and its splitting could also be altered
“intrinsically”, by significant changes in the geometry conformations of the substrates
bound in the pol β, these conformational effects were not evaluated in this study, nor
were they observed crystallographically. 67

CHAPTER FIVE
RESULTS AND DISSCUSIONS: QM ANALYSIS OF NONENZYMATIC
NUCLEOTIDYL TRANSFER REACTION IN AQUEOUS SOLUTION FOR
MIXED IMPLICIT/EXPLICIT MODEL
Mechanism- and Model-Dependent Reaction Free Energy Profiles
The calculated free energy profiles for the α0γ0 mechanism (eq 19) and their gasphase and solvation energetics decomposition are presented in Figure 30. As expected,
when the the negatively charged nucleophile THFO- approaches towards the α-phosphate
of [Mg·methyl triphosphate]2- complex, which was accompanied with the unfavorable
gas-phase energy change in the study reaction system (Figure 30). As the reaction
proceeds from the reactants to products, the charged solute becomes smaller and the
negative charge becomes more localized on the leaving group of pyrophosphate, so this
energy increase was compensated by the solvation effect. 20 In this figure, a lower and
flatter overall free energy surface is formed, due to the improvement of the gasphase/solvation compensation from the additional explicit water molecules. Meanwhile,
for the rate-limiting TS, the position shifted from the early associative (rPαOnuc = 2.30 ±
0.05 Å and rPαOlg = 1.75 ± 0.05 Å) to the concerted pathway, and then appeared later on
the reaction coordinate (rPαOnuc = 2.13 ± 0.05 Å , rPαOlg = 2.05 ± 0.05 Å, Figure 31) with
additional three explicit water molecules.
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The calculated activation free energy declined from 31 to 27 to 24 kcal/mol for
our computational simulations with explicit three, four and five water molecules in our
study system, respectively (Figure 30). However, upon adding the sixth, seventh and
eighth explicit water molecule, ΔG‡ became stabilized near 26 kcal/mol (Figure 33, black
curve). Due to computational study demands, the activation free energy ΔG‡ values with
additional six to eight explicit water molecules were not obtained by evaluating the full
free energy profiles in the reaction system. However, the bond distances of PαOnuc and
PαOlg were kept at their TS values, which are obtained for the system containing two
explicit water molecules, i.e. 2.13 and 2.05 Å, respectively.
To improve our study into the protonated system, we also analyze the
mechanisms that involve protonated γ –phosphate. For this system, there are two possible
protonation sites on the γ-phosphate oxygen atoms need to be considered. Since the O8
atom (in Figure 1) is coordinated to Mg2+ ion, only O6 and O7 atoms (in Figure 1) are
taken into account. Also, for the OH bonds in these two oxygen atoms might attain
several conformational states, from the reactant to the TS, the calculated activation free
energies might change for different conformations. The computational complexity
associated with these additional structural factors prevented the evaluation of a separate
free energy profile for each possible γ-phosphate protonation/conformational variant.
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Figure 30. Relative free energy (black, left scale) along the associative (left graph) and
synchronous (right graph) pathways for the α0γ0 mechanism (eq 19) in aqueous solution
at pH = 7. Each graph shows also the relative gas-phase energy (green, left scale) and
LD solvation free energy (blue, right scale) components. The gas-phase energetics
includes a constant representing the equilibrium deprotonation free energy and
configurational entropy (eq. 23 and 24). Energetics calculated using models containing
three, four and five explicit water molecules are shown with circles, squares and
triangles, respectively. The reaction coordinate points that were used to evaluate the
reaction energetics can be associated with individual Pα–Onuc and Pα–Olg distances using
Figure 14. Note that the first three explicit water molecules are located in the Mg2+
coordination sphere and that geometries of all points, including those that were used to
calculate gas-phase energies, were optimized using the PCM model with a dielectric
constant of 80.
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Figure 31. Geometry of the transition state for the α0γ0 mechanism using model with two
explicit water molecules solvating methyl triphosphate and THFO- moieties (shown in
tube representation) in addition to three water molecules in the first coordination shell of
the Mg2+ ion (shown in wireframe and ball representation, respectively). Dashed blue
lines indicate hydrogen bonds. Black dashed lines indicate the PO bonds that are being
formed/broken, with the corresponding bond length in Å being printed next to these lines.
The bulk aqueous solution, which was modeled using continuum or dipolar models, is
indicated by the blue cavity. Hydrogen atoms bonded to carbon are not shown.

For the α0γ1 mechanism, we noticed that for the O6-protonated substrate, when
the O8 – Pγ – O6 – H torsion angle is near 0°, the conformer is the most stable one after
we evaluated the full free energies in the reactant state. In Figure 32, a significant barrier
formed in the gas-phase, but in the LD solvation model, the energy decreased upon
adding extra water molecules, when the formation of the -2 charged TS complex is from
the two -1 charged reactants. Compared to the α0γ0 mechanism, the free energy profiles
retain a flat one near the rate-limiting TS, whose position for this TS was slightly shifted
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towards more early and associative values, rPαOnuc = 2.30 ± 0.05 Å, rPαOlg = 1.74 ± 0.05
Å (Figure 34).
The protonation-site and conformational effects on the calculated activation free
energy were subsequently evaluated by partial TS geometry optimizations, in which the
rPαOnuc and rPαOlg distances were fixed at 2.30 and 1.74 Å, respectively. In these
calculations, both the reactant and TS state shared the protonation site on the same γ
phosphate oxygen atom, but were allowed the rotation difference for the orientation of
the corresponding OH bond. Activation free energies were obtained by subtracting free
energies calculated for the reactant and TS structures with the lowest free energy. From
Table 8, we can see, the resulting composition and conformation-dependent activation
free energies showed significant variations that decreased with the number of added
explicit water molecules. We also plotted the lowest activation free energies as a function
of the number of added explicit water molecules (Figure 33), we can see that it is about 3
kcal/mol less feasible in the α0γ1 mechanism than the α0γ0 mechanism.
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Figure 32. Relative free energy (black, left scale) along the associative (left graph) and
synchronous (right graph) pathways for the α0γ1 mechanism (eq 20) in aqueous solution
at pH = 7. Both the reactant and TS structures were protonated at the O6 atom (Figure
14), and the O8 – Pγ – O6 – H torsion was near 0° along the entire reaction pathway. Each
graph shows also the relative gas-phase energy (green, left scale) and solvation free
energy (blue, right scale) components. Energetics calculated using models containing
three, four and five explicit water molecules are shown with circles, squares and
triangles, respectively. The reaction coordinate points that were used to evaluate the
reaction energetics can be associated with individual Pα–Onuc and Pα–Olg distances using
Figure 14. Note that the first three explicit water molecules are located in the Mg2+
coordination sphere and that geometries of all points, including those that were used to
calculate gas-phase energies, were optimized using the PCM model with a dielectric
constant of 80.
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Figure 33. Variation of the activation free energy as a function of the number of explicit
water molecules included in the model of the reacting system (n). Black circles, orange
squares, brown diamond, blue triangles and purple crosses denote, respectively,
activation free energies for the α0γ0, α0γ1, α0γ2, α1γ0 and α1γ1 mechanisms (eq 18 –
22). Each point represents the lowest free energy from several separate calculations that
differed in the orientations of the OH bonds on the γ-phosphate.
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Figure 34. Geometry of the TS for the α0γ1 mechanism using model with two explicit
water molecules (shown in tube representation) in addition to three water molecules in
the first coordination shell of the Mg2+ ion (shown in wireframe and ball representation,
respectively). Dashed blue lines indicate hydrogen bonds. The scissile PO bond lengths
are given in Ångstrom. The bulk aqueous solution, which was modeled using continuum
or dipolar models, is indicated by the blue cavity. Non-polar H atoms bonded are not
shown.
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Table 8. The dependence of the calculated activation free energies (ΔG‡, kcal/mol) on the
composition and conformation of the reactant (R) and transition (TS) states.
R

Δg‡ (kcal/mol)a

TS
4 H2 O

5 H2 O

6 H2 Of

7 H2 Of

8 H2 Of

0:0:3b

0:1:3b

1:1:3b

0:3:3b

1:3:3b

2:3:3b

α0γ1

α0γ0

3 H2 O

α1γ1
‡

23.7

26.3

26.4

25.9

1:1:3b

2:1:3b

1:3:3b

2:3:3b

O7Htransc

O7Htransc

O7Htransc

O7Htransc

O6Hcisc

O7Htransc

O6Hcisc

O7Htransc

41.0
41.7

42.6
44.3

30.2
27.1

26.6
29.9

33.3
28.4

35.8
27.3

0:0:3b

1:0:3b

2:0:3b

28.3
3:0:3b

28.9
3:1:3b

28.9
4:1:3b

O6H-cis,
O7H-cise

37.7

31.5

29.6

30.5

30.0

30.0

O6H-cis,
O7H-transe

40.8

33.4

32.3

O6H-trans,
O7H-cise

32.5

28.9

31.1

O6H-trans,
O7H-transe

38.1

31.1

34.2

0:0:3b

0:1:3b

1:1:3b

1:2:3b

2:2:3b

2:3:3b

30.0
0:0:3b

40.8
0:1:3b

38.4
1:1:3b

39.3
2:1:3b

39.7
1:3:3b

39.9
2:3:3b

O7Htransc

O7Htransc

O7Htransc

41.6

42.6

43.0

cisd
trans

a

28.0
0:1:3b

O6Hcisc

α1γ0

α0γ2

cisd
transd

30.7
0:0:3b

d

O6Htransc

O7Hcisc

O6Hcisc

O7Htransc

O6Hcisc

O7Htransc

41.3

39.8

48.8

43.8

53.6

54.8

40.9

36.8

45.6

42.8

49.4

44.2

ΔG was calculated as the difference between the lowest free energy of R (with respect to the
conformation of the protonated γ-phosphate) and the lowest free energy of the corresponding TS,
in which the same oxygen atom(O6 or O7, Figure 12) was protonated, but the orientation of the
proton and the reaction pathway (Figure 14) were allowed to relax. The lowest R and TS
conformations are identified in the horizontal and vertical column of the table, respectively, and
the free energy corresponding to their difference is shown in the corresponding row/column
intersection. For each TS conformation, both pathways shown in Figure 14 were evaluated, and
only the lower of the two DG‡ is listed here, without indicating its associative or dissociative
nature.
b
i:j:k index denotes, respectively, distribution of explicit water molecules in the reactant state of
the THFO- : methyl triphosphate : Mg2+ model system (see also Figure 14).
c
The lowest free energy R configuration that has O6 or O7 atom protonated. cis and trans labels
refer to the conformation around the H-Ox-Pg-O8 angle, Ox = O6 or O7 (Figure 1).
d
The protonation position is identical as in the corresponding R system.
e
The cis/trans conformation is identical in the corresponding R and TS states.
f
ΔG‡ for the systems with six, seven or eight explicit water molecules were obtained using the
reaction pathway, POnuc and POlg distances, and the protonation and conformation patterns that
correspond to the lowest Dg‡ for the system with five explicit water molecules.
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Figure 35. Geometries of α0γ0, α0γ1, α0γ2, α1γ0 and α1γ1 mechanism reaction including
5 explicit water molecules (three water molecules in the first solvation shell of Mg2+ ion
that were present in all our calculations are not shown in this figure). Numbers 1, 2, 3, 4,
5 represents the order how the explicit water molecule was placed into reactants or TS
points upon going from models with zero explicit water molecules to five.

a

b

c

d

e
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For the nucleotidyl transfer reaction, the second protonation of the γ-phosphate
further increased the activation free energy via the α0γ2 mechanism by 1 kcal/mol to
about 30 kcal/mol (Figure 33). For this mechanism, both oxygen atoms (O6 and O7 in
Figure 13) that are not coordinated to Mg2+ ion are possible protonation sites on the γphsophate needs to be considered. A variety of conformational states from the OH bond
also made the computational complexity in α0γ2 mechanism, too. For this mechanism in
the reactant state, the most stable conformer was the O6, O7-protonated substrate with
both torsion angles the Ο8 – Pγ – O6 – H and Ο8 – Pγ – O7 – H near 0°. With the attacking
from the -1 charged nucleophile THFO- to the α phosphate of neutral Mg·methyl
triphosphate complex, formed a -1 charged TS complex, accompanied with the gas phase
energies fast sinking and the solvaiton energies slow arising, resulting in relatively sharp
free energy profiles for associative, synchronous, and dissociative pathways. Compared
to the α0γ1 mechanism, the barrier decreased less upon adding extra water molecules or
using LD solvation model (Figure 36). Compared to the α0γ0 mechanism, the position of
TS with two explicit water molecules was shifted toward more early via the synchronous
pathway (rPαOnuc = 2.41 ± 0.05 Å, rPαOlg = 1.81 ± 0.05 Å) (Figure 37).
The alternative reaction mechanisms that involved protonated α-phosphate
(mechanism α1γ0 and α1γ1, eq 21 and 22) were also investigated. The protonation sites
on the α-phosphate oxygen atom that still is not coordinated to Mg2+ ion (O1 in Figure
13). Interestingly, with zero or one explicit water molecule, for the TS in α1γ0 and α1γ1
mechanism, the OH bond forms the torsion angle Ο8 – Pα – O1 – H near 0°, due to the
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H…O hydrogen bond formation from the proton on O1 to O8 (in Figure 13). With two or
more explicit water molecules, the torsion angle Οlg – Pα – O1 – H is near 0° for TS in
mechanism α1γ0 and α1γ1, due to the H…O hydrogen bond formation between this
proton from α-phosphate and explicit water molecule (in Figure 38 and 39).
Figure 36. Relative free energy (black, left scale) along the associative (left graph),
synchronous (middle graph) and dissociative (right graph) pathways for the α0γ2
mechanism (eq 21) in aqueous solution at pH = 7. Both the reactant and TS structures
were protonated at the O6 and O7 atom (Figure 13), and both the O8 – Pγ – Ο6 – H and O8
– Pγ – Ο7 – H torsion angles were near 0° along the entire reaction pathway. Each graph
shows also the relative gas-phase energy (green, left scale) and solvation free energy
(blue, right scale) components. Energetics calculated using models containing three, four
and five explicit water molecules are shown with circles, squares and triangles,
respectively. The reaction coordinate points that were used to evaluate the reaction
energetics can be associated with individual Pα–Onuc and Pα–Olg distances using Figure
15. Note that the first three explicit water molecules are located in the Mg2+ coordination
sphere and that geometries of all points, including those that were used to calculate gasphase energies, were optimized using the PCM model with a dielectric constant of 80.
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Figure 37. Geometry of the TS for the α0γ2 mechanism using model with two explicit
water molecules (shown in tube representation) in addition to three water molecules in
the first coordination shell of the Mg2+ ion (shown in wireframe and ball representation,
respectively). Dashed blue lines indicate hydrogen bonds. The scissile PO bond lengths
are given in Ångstrom. The bulk aqueous solution, which was modeled using continuum
or dipolar models, is indicated by the blue cavity. Non-polar H atoms bonded are not
shown.

Figure 38. TS structure for the α1γ0 mechanism calculated using three (left) and five
(right) explicit water molecules in the reacting system. Metal coordination and hydrogen
bonds are indicated by full green lines and dashed blue lines, respectively. The scissile
PO bond lengths are given in Ångstrom. The bulk aqueous solution, which was modeled
using continuum or dipolar models, is indicated on the right by the blue cavity. Hydrogen
atoms bonded to carbon are not shown.
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Figure 39. Geometry of the TS for the α1γ1 mechanism using model with two explicit
water molecules (shown in tube representation) in addition to three water molecules in
the first coordination shell of the Mg2+ ion (shown in wireframe and ball representation,
respectively). Dashed blue lines indicate hydrogen bonds. The scissile PO bond lengths
are given in Ångstrom. The bulk aqueous solution, which was modeled using continuum
or dipolar models, is indicated by the blue cavity. Non-polar H atoms bonded are not
shown.

For the α1γ0 mechanism, attacking from the -1 charged nucleophile on the -1
charged methyl triphosphate complex, yielded a strong compensation between the
electrostatic repulsion and solvation energy components prior to reaching the TS (Figure
40). Concomitantly, solvation free energy of the reacting system becomes more negative,
resulting a relatively flat free energy profiles, especially for the synchronous pathways. In
this mechanism, the -1 charged nucleophile attacks the α phosphate of neutral Mg·methyl
triphosphate complex and forms a -1 charged TS complex – a process that is favored by
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gas-phase energetics but opposed by the solvation energetic as the negative charge
becomes more delocalized. Consistent with the α0γ0 and α0γ1mechanisms, the activation
free energy was little affected by the compact/loose character of the TS structure (Figure
36). Along with one or two explicit water molecules in α1γ0 mechanism, it improved the
gas phase/solvation compensation, yielding a flatter overall free energy surface, resulting
a TS with 38.4 kcal/mol (Figure 40) with a synchronous pathway value (rPαOnuc = 2.20 ±
0.05 Å, r rPαOlg = 1.92 ± 0.05 Å) (Figure 38). Compared to the α0γ0 mechanism, the
activation free energies indicated that the α1γ0 mechanism is about 13 kcal/mol less
feasible than the α0γ0 mechanism (Figure 33).
In the α1γ0 mechanism, the negative charge on the substrate is located
predominantly on the β- and γ-phosphate whereas the negative charge is delocalized over
the whole triphosphate in the α0γ1 mechanism. Thus, the α1γ0 mechanism involves a
significantly larger relative solvation stabilization of the configurations with partly
broken Pα – Olg bond than the α0γ1 mechanism. The implicit solvation model is not
capable of treating these relative solvation effects with sufficient accuracy, resulting in a
significant decrease of the activation free energy after the addition of the fourth and fifth
explicit water molecules into the model system for the α0γ1 mechanism, but substantial
barrier increase for the α1γ0 mechanism (Figure 34).
After the 6th, 7th, and 8th explicit water molecule was added into the simulated
system, the reaction energetics obtained quantitatively confirmed the effect of the fourth
and fifth water molecules on the activation free energies of the α1γ0 mechanism.
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Structurally, due to the lack of hydrogen bonding interactions of the O1–H group in the αprotonated methyl triphosphate intermediate of the α1γ0 mechanism with three explicit
water molecules, the calculated increase of the activation free energy upon going from
three to four or more explicit water molecules in the computational simulations. The
corresponding TS structure involves an extra stabilization by a strong intramolecular O1–
H...O8 hydrogen bond (Figure 38, left). In contrast, our simulation models with four or
more explicit water molecules feature hydrogen bonding of the O1–H group to one of the
explicit water molecules in both the α-protonated methyl triphosphate intermediate and
the corresponding TS (Figure 38, right). A similar trend, in which extra explicit water
molecules increase the activation barrier, was obtained also for the α1γ1 mechanisms.
Consequently, the protonation of the α-phosphate results in large activation free energies
of 40 and 43 kcal/mol for the α1γ0 and α1γ1 mechanisms, respectively (Figure 34).
For the α1γ1 mechanism, the evaluation of a separate free energy profile for each
possible γ-phopshate protonation/ conformational variant has followed the strategy of the
α0γ1 mechanism. This mechanism yields higher activation barriers (Figure 41) for the -1
charged THFO- attacking the α phosphate of neutral Mg·methyl triphosphate complex.
Compared with α1γ0 and α0γ0 mechanisms, the activation free energies in the α1γ1
mechanism are about 3 kcal/mol and 16 kcal/mol higher than α1γ0 and α1γ1
mechanisms, respectively. (α0γ1 is also 3 kcal/mol higher than α0γ0. It might be a
coincidence.) The reaction of the α1γ1 mechanism proceeds via the extremely associative
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pathway and the position of this TS was shifted towards more early and associative
values, rPαOnuc = 2.40 ± 0.05 Å, rPαOlg = 1.65 ± 0.05 Å (Figure 39).
Figure 40. Relative free energy (black, left scale) along the associative (left graph) and
synchronous (middle graph) pathways for the α1γ0 mechanism (eq 22) in aqueous
solution at pH = 7. Each graph shows also the relative gas-phase energy (green, left scale)
and solvation free energy (blue, right scale) components. Energetics calculated using
models containing three, four and five explicit water molecules are shown with circles,
squares and triangles, respectively. The reaction coordinate points that were used to
evaluate the reaction energetics can be associated with individual P–Onuc and P–Olg
distances using Figure 15. Note that the first three explicit water molecules are located in
the Mg2+ coordination sphere and that geometries of all points, including those that were
used to calculate gas-phase energies, were optimized using the PCM model with a
dielectric constant of 80.
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Figure 41. Relative free energy (black, left scale) along the associative (left graph) and
synchronous (middle graph) pathways for the α1γ1 mechanism (eq 5) in aqueous solution
at pH = 7. Each graph shows also the relative gas-phase energy (green, left scale) and
solvation free energy (blue, right scale) components. Energetics calculated using models
containing three, four and five explicit water molecules are shown with circles, squares
and triangles, respectively. The reaction coordinate points that were used to evaluate the
reaction energetics can be associated with individual Pα–Onuc and Pα–Olg distances using
Figure 2. Note that the first three explicit water molecules are located in the Mg2+
coordination sphere and that geometries of all points, including those that were used to
calculate gas-phase energies, were optimized using the PCM model with a dielectric
constant of 80.

To better characterize the overall free energy surface, we compared the free
energy profiles for the mechanisms 2 – 6 along a direction that is shown by the purple
lines in Figure 15. This slice of the free energy surface is approximately perpendicular to
the concerted reaction coordinate for the α0γ0 mechanism, and intersects this coordinate
near the rate-limiting TS for the model with 5 explicit water molecules. This profile was
evaluated because it characterizes free energy changes upon going from a tight to a loose
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axial geometry around the α-phosphate, as measured by the sum of the Pα–Onuc and Pα–
Olg distances. The calculated free energy profiles featured a wide anharmonic valley.
Interestingly, the bottom of this valley was located at the same point for α0γ0, α0γ1 and
α0γ2 mechanisms. This common bottom occurred at the Pα–Onuc = 2.1 Å and Pα–Olg =
1.9 Å distances. Protonating α-phosphate resulted in shifting this free-energy minimum
towards a significantly tighter axial geometry about α-phosphorus (Figure 42).
Figure 42. Comparison of the axial rigidity around α-phosphate (Figure 2) for the
reacting system in the α0γ0 (red), α0γ1 (yellow), α0γ2 (green), α1γ0 (light blue), and
α1γ1 (dark blue) protonation states in aqueous solution. Free energy variations are plotted
along a pathway that was set to be nearly perpendicular to the reaction coordinate at the
rate-limiting TS for the α0γ0 mechanism in aqueous solution; this pathway was defined
by the relationship rPαOnuc = rPαOlg + 0.2 Å (purple line in Figure 15), and was projected
onto an one-dimensional axial coordinate that was represented by a sum of the Pα–Onuc
and Pα–Olg distances. Relative free energies, which were calculated using a hybrid
solvation model composed of five explicit water molecules and the Langevin dipoles
placed on a cubic grid 7, are shown as squares. A cubic polynomial was used to fit the
calculated profile for each mechanism, and the bottom point of each of these polynomials
was set to 0 kcal/mol.
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pH Rate Prediction and Profiles
For the nucleotidyl transfer reaction in aqueous solution, we have examined all
five possible potential reaction mechanisms in this study: nonprotonated mechanism and
protonated in the α phospahte or γ phsopahte mechanisms. To produce our pH rate
profiles, we use the average of ΔG‡ at each mechanism with seven and eight explicit
water, thus the ΔG‡ for α0γ0, α0γ1, α0γ2, α1γ0, and α1γ1 are 26.2, 28.9, 30.0, 39.8, and
42.8 kcal/mol, respectively.
The rate profile for each mechanism (Figure 43) have shown that how the
reaction rate would be dependent in the pH value for each mechanism. The rate profile
for the ‘total’ is the theoretical full rate profile for the nucleotidyl transfer reaction in
aqueous solution. In Figure 43, our theoretical full rate profile shows a plateau pHindependent region up from 1.5 to around pH 6, with the reaction becoming catalyzed
after pH 6.5.
Our study has shown that the reaction is pH independent between the pH ~1.5 and
~6.5, where at high pH, the reaction might become hydroxide ion catalyzed. From our
study, the explicit water molecule (Figure 32 for α0γ0, 35 for α0γ1, 37 for α0γ2, 38 for
α1γ0 and 39 for α1γ1) might become the hydroxide ion catalyzed in this reaction. Since
the full rate rate profile almost overlaps the α0γ0 mechanism, we believed the mechanim
for the nucleotidyl transfer reaction proceeds through the synchronous pathway as in the
α0γ0 mechanism.
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Figure 43. Calculated rate profiles for the full rate of the nucleotidyl transfer reaction
(black), and α0γ0 (red), α0γ1 (orange), α0γ2 (brown), α1γ0 (blue), and α1γ1 (purple)
mechanisms at 25 ºC.

Brønsted LFER relationships
Recently, a series of methyl triphosphates with their β,γ bridging oxygen
substituted by various methylene and halomethylene groups (Figure 14) have become
available. These compounds were shown to bind to human DNA polymerase β and to
alter the reactant and TS properties for the nucleotidyl transfer reaction.
The P-C bond in β,γ substituted methyl triphospahtes are significantly longer than
the corresponding bridging P-O bonds for the parent triphospahte: the bridging Pβ-O and
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Pγ-O distances are 1.574 and 1.696 Å, respectively, while the corresponding average P-C
distances are 1.858 ± 0.03 and 1.909 ± 0.03 Å. The doubly protonated γ-phosphate
lengthens the Pβ - O bond to 1.659 Å and shortens the Pγ - O to 1.565 Å; a similar trend
occurs for the substituted triphosphates. The longer P - C bonds are compensated by Pβ –
C – Pγ torsion angles that are more acute than the Pβ – Oβγ – Pγ angle, resulting in similar
distances between Pβ and Pγ atoms. Thus, the methylene and halomethylene
β,γ substitutions do not significantly perturb the calculated Mg2+ coordination geometry.
The geometries of all parents TSs in those five mechanisms with two explicit water
molecules were employed to calculate the Brønsted LFERs. The calculated LFERs of
α0γ0 mechanism agrees well with our previously study and the slope for the LFERs is .61 and R = 0.91 (Figure 44 left). Interestingly, after we improved the calculations with
more diffuse function with the additional keyword “extrabasis”, the slope for the LFERs
of α0γ0 mechanism is -0.70 and R = 0.95 (Figure 44 right). Further more, the splitting
lines were observed in Figure 44 and the slope agrees well with the experimental data in
Figure 45.
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Figure 44. Brønsted LFER for the α0γ0 mechanism of the nucleotidyl transfer reaction in
aqueous solution at pH 7 and 298K. The data on the x-axis correspond to pKa4 observed
for PPi and its β,γ-bisphosphonate analogs, PXβγP 17. The y-axis shows the logarithm of
the rate constant determined using the TS theory from activation free energies calculated
using the LD/B3LYP/TZVP//PCM/B3LYP/HF/6-31G* (left) and
LD/B3LYP/TZVP+//PCM/B3LYP/HF/6-31G* (right) quantum mechanical calculations
for the model system containing five explicit water molecules. The data for dihalogencontaining compounts (Xβγ = CF2, CFCl, CCl2, CBr2, Figure 2) are shown in blue, and for
the remaining compounds in red. The linear regression lines for the corresponding partial
data sets (blue or red), or for all data (black), are characterized by their slope (β) and
Pearson’s correlation coefficient (R).

Figure 45. Brønsted plots correlating log (kpol) and the leaving-group pKa4 P – CXY – P
for an expanded set of β,γ – CXY – dGTP analogues comparing mispairing (W) G•T.

101
Since we have already studied the α0γ2 mechanism in Chapter IV, here we only
studied the α0γ1 mechanism for the γ protonated phosphate. For the α0γ2 mechanism,
when the pH value is higher than the pKa3 for the leaving group, the activation energy
calculation for the compound should not be included the term of the pKa correction for
the substituted dNTP. Thus, the pKa of the γ phosphate group of the substituted dNTP,
was assumed to be the proportional to the pKa3 of pXγβP using the relationship
pKa (dNPPXβγP) = pKa3 (PXβγP) + pKa (dNTP) – pKa3 (PPi)

(41)

where pKa(dNTP) = 6.6 24, pKa3 (PPi) = yy and pKa3 (PXβγP) values were obtained from
the linear regression of the plot of the experimental pKβγ (PXβγP) 68 versus experimental
pKa4 (PXβγP) 17, pKa3 (PXβγP) = pKa4 (PXβγP) + xx (Figure 46, right graph). In the Figure
46 left, the broken line agrees well with the Sucato’s experimental data (Figure 47) 14.
For this computational simulation, we used the additional diffuse function as we used in
the α0γ0 mechanism.
To further study the mechanism, we also studied the LFER for the α1γ0
mechanism for the α protonated phosphate in aqueous solution at pH 7 and 298 K. Due to
lack of the pKa values for the corresponding compounds for the the α protonated
phosphate, we haven’t done the complicated calculations like in the α0γ1 mechanism.
Lack of the broken lines or splitting lines for the α1γ0 mechanism might be from above
reason, but the more possible reason might be only on e straight line for nucleotidyl
transfer reaction in aqueous solution.
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Figure 46. LD/B3LYP/TZVP+//PCM/B3LYP/HF/6-31G* Brønsted LFER for the α0γ1
mechanism of the nucleotidyl transfer reaction in aqueous solution at pH 7 and 298K (left
graph). The data on the x-axis correspond to pKa4 observed for PPi and its b,gbisphosphonate analogs, PXβγP 17. The calculated rate constant were determined using
the TS theory from activation free energies calculated for the model with five explicit
water molecules using eq 23 and 24, in which pKa of the γ-phosphate group of a
haloalkane-substituted dNTP (dNPPXβγP), was assumed to be proportional to pKa3 of
PXβγP using the relationship pKa (dNPPXβγP) = pKa3 (PXβγP) + pKa (dNTP) – pKa3 (PPi),
where pKa(dNTP) = 6.6 24, pKa3 (PPi) = yy and pKa3 (PXβγP) values were obtained from
the linear regression of the plot of the experimental pKβγ (PXβγP) 68 versus experimental
pKa4 (PXβγP) 17, pKa3 (PXβγP) = pKa4 (PXβγP) + xx (right graph).

Figure 47. Brønsted LFER of the experimental log (kpol) to the pKa4 values 14.
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Figure 48. Brønsted LFER for the α1γ0 mechanism of the nucleotidyl transfer reaction in
aqueous solution at pH 7 and 298K. The data on the x-axis correspond to pKa4 observed
for PPi and its β,γ-bisphosphonate analogs, PXβγP 17. The y-axis shows the logarithm of
the rate constant determined using the TS theory from activation free energies calculated
using the LD/B3LYP/TZVP//PCM/B3LYP/HF/6-31G* quantum mechanical calculations
for the model system containing five explicit water molecules. The linear regression line
is characterized by the corresponding slope (β) and Pearson’s correlation coefficient (R).

Conclusions and Discussions
The primary motivation for this study was to verify the claim that the split LFER
relationship for the nucleotidyl transfer reaction independently. It was observed for the
insertion by DNA polymerase β of β, γ-modified dGTP substrates, is an essential
property of these substrates as it also was reported in the corresponding non-enzymatic
reactions in aqueous solution. As the experimental nonenzymatic hydrolysis of β,γ
dGTPs faces difficulties with distinguishing between mechanisms that involve
nucleophilic attack of α- and γ-phosphate, Kamerlin et al. carried out a thorough quantum
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mechanical study of the OH- attack on methyl triphosphate in aqueous solution. Without
fixing any characteristics of the substrate, Kamerlin et al. allowed free nucleophilic attack
and fluctuation of the substrate phosphate backbone to analyze the lowest possible
energy. While analyzing the TS, Kamerlin et al. describe a concerted transition state for
the parent dGTP with a protonated beta-phosphate. Using this parent dGTP as a model,
Kamerlin et al. created various substituents at the β,γ bridging O, creating analogues of
the parent compound with a variety in pKa of the resulting products. The linear free
energy relationship of these substituted compounds were observed to have a puzzling
splitting effect due to solvation energy effects.
We believe that our results provide an incremental improvement of the level of
the computational reality from the level achieved by previous studies of the free energy
surface for the reference nucleotide transfer reaction in aqueous solution. For reactions in
aqueous solution that involve large redistribution of the charge density upon going from
the reactant to the TS, the solvation free energies represent very significant and possibly
the largest contribution to the computational error of the calculated activation barrier. The
importance of quantitative treatments of solvation contributions to the activation free
energies is further magnified in systems that carry a large overall charge. Thus, PαOlg
bond-breaking and PαOnuc bond-forming reactions of nucleoside triphosphates, having a
total charge of -4, represent a great challenge for computational chemistry, the enormity
of which is trumped only by the extreme importance of these reactions in biochemistry.
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To overcome limited accuracy of the conventional algorithms for solvation free
energy calculations we used a multifaceted computational approach that involved (i) the
restriction of the large configurationally space afforded to the triphosphate chain and the
direction of the approach of the nucleophile by fixing the associated torsional angles at
their values observed in the crystal structure of dCTP bound in the active site of DNA
polymerase β, (ii) the inclusion into our model of an explicitly hydrated Mg2+ ion in the
position similar to that observed in the crystal structure of DNA polymerase β, (iii) the
use of free energies for key intermediates that were based on experimental pKa values,
(iv) the judicious use of the combination of PCM, LD and explicit solvation models.
These features and assumptions allowed us to reach relative accuracy that was necessary
to interpret experimental LFER data and to establish kinetic parameters for the reference
reaction in aqueous solution, which are essential for understanding of the structural and
mechanistic aspects of the catalytic powers of DNA polymerases.
LFER calculations utilizing the same QM level and points i – iii have been
previously reported for the same model system 20. Thus, all differences between these
earlier results and those presented in this work can be attributed to point, i.e. the PCMbased geometry optimization in solution (versus gas-phase geometry optimization 20), and
the use of hybrid explicit/implicit (LD) solvation model as opposed to only the implicit
(LD) model used in our previous work 20. Perhaps because the torsional angles of the
triphosphate moiety were fixed along each reaction coordinate, the use of the PCM model
for the geometry optimization affected the calculated Δg‡ much less than the application
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of the hybrid model. Also, the improved geometry optimization protocol had such a small
effect because, for all scrutinized mechanisms, the free energy surface as a function of the
distances of PαOnuc and PαOlg is very flat. Therefore, even large changes in the TS
geometry vis-à-vis these distances had very small effect on the calculated Δg‡. For
example, the activation barrier of 23.7 kcal/mol for the loose TS, (PαOnuc, PαOlg) = (2.13
Å, 2.05 Å), in the α0γ0 mechanism with five explicit water molecules, was elevated only
by 0.3 kcal/mol upon going to the early associative TS with (PαOnuc, PαOlg) = (2.30 Å,
1.75 Å) (Figure 30). In contrast, the same TS was raised by 2.5 kcal/mol upon placing an
additional explicit water molecule into the simulated system (Figure 33).
In human DNA polymerase β, the relationship between log kpol and pKa4 of the
leaving group is split into two separate LFER lines – one for the substrates containing
‘dihalo’ bridging groups, i.e. Xβγ = CF2, CCl2, CBr2, CFCl, and another for the remaining
‘non-dihalo’ compounds, which include Xβγ = O, CHF, CHN3, CHBr, CFCH3, CH2,
CCH3N3, CHCH3 and C(CH3)2 15. The LFER slopes of the dihalo and non-dihalo
compounds are identical and equal to -0.56 when dGMPXβγPP is inserted opposite dC in
the template strand, but the two βlg values are significantly different, βlg = –1.12 and –
0.68, respectively, for the insertion of dGMPXβγPP opposite dT in the template. More
recently, kinetic experiments for the insertion of dTMPXβγPP opposite dA showed βlg =
–1.1 and –0.64, and βlg = –1.9 and –0.97 opposite dG for dihalo and non-dihalo
compounds, respectively. Thus, the catalysis by human DNA polymerase β is very

107
sensitive to the ability of the leaving group to stabilize the negative charge on the leaving
group, and extremely so when the leaving group contains CF2, CCl2, CBr2 or CFCL
groups in the Xβγ bridge. In contrast, our calculations for the corresponding reference
reaction in aqueous solution yielded much narrower range of βlg values, even when
various mechanisms and TS structures were considered.
When interpreting these experimental data it is important to realize that LFERs
are the consequence of intramolecular chemical effects. Thus, any alteration of the TS
geometry due to Xβγ-agnostic changes in the enzymatic environment, for example the
formation of the right or wrong base-pair with the template, should retain the linear
character of these data. On the other hand, the linear relationship between log kpol and pKa
of the leaving group would be lost if the catalytic rate would become limited by the rate
of the enzyme conformational change, or it would be significantly perturbed by variations
in steric or electrostatic interactions of the Xβγ group with the active site amino acid
residues. Based on this line of reasoning, the split in the LFER relationship into two lines
has been attributed to specific interactions of the pro-Rp halogen of the dihalo group with
Arg 183 residue of DNA polymerase β 67.
The present model-system calculations indicated that, within the framework of the
concerted PO bond breaking/forming chemical process, the LFER slope is largely
insensitive to mechanistic changes vis-a-vis the nucleophile deprotonation mechanism or
changes in the TS geometry. Thus, the large changes in the LFER slope should be
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attributed to structural effects that were disregarded by our model. Most importantly,
such effects could include changes in the conformation of the triphosphate moiety of
dNTP or changes in the metal coordination of this moiety for the insertion of the right
versus wrong dNTP substrates. The crystal structure of DNA polymerase β ternary
complexes with dATP inserted opposite dG in the template, i.e. containing the wrong
base-pair, showed practically no changes around the triphosphate moiety from the
structure of the complex containing the right dNTP. However, the crystal structure of the
ternary complex with the wrong dATP•dG base pair was crystallized with Mn2+ ion in
place of the physiological Mg2+ ion. The structure with Mg2+ could contain a very
different triphosphate conformation than the one present in our model or in the crystal
with the right dNTP.
The work presented in this dissertation has identified the nucleotidyl transfer
reaction mechanism in aqueous solution, which has not reproduced the experimental
splitting separated Brønsted plots in pol β. Since we have clarified the mechanism in
aqueous solution, such data in our research are very important starting point for EVB
QM/MM studies of enzyme mechanisms DNA polymerases, adenylyl cyclases, and DNA
endonucleases. In addition, to deeply study this mechanism, the QM/MM simulate this
reaction in enzyme with corresponding charges from our ab initio calculations need to be
done in the further.
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